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1.0 SUMMARY AND BACKGROUND 


SUMMARY 

This report summariees the results of Contract NAS2-8830, ’’Development 
of a Flexible Cryogenic Heat Pipe Program." The program was Initiated In 
July 1975 and was completed In July 1977. The program was an analytical 
and experimental technology development effort to develop the technology and 
experience necessary for successful application of high performance flexible 
cryogenic heat pipes, ^o pipes were designed and fabricated for testing 
and evaluation. One was designed for operation in the 100-200 K temperature 
range with maximum heat transport as a primary design goal; the other was 
designed for operation In the 15 - 100 K temperature range with maximum 
flexibility as a design goal. 

Parametric performance and design trade-off studies were performed to 
determine the optimum geometry and materials for the container and wlcking 
systems. The 100 - 200 K pipe was designed for operation with methane and 
ethane, and was optimised for methane In the range 110 - 140K. The 15 - 100 K 
pipe was designed for operation with nitrogen and oxygen, and was optimized 
for oxygen In the range 75 - 90 K. 

The selected wick design was a multi-wrap composite, consisting of a 
spirally-wrapped coarse mesh screen encapsulated by a fine mesh outer wrap. 
Screw thread type V-grooves were machined Into the evaporator and condenser 
walls for circumferential liquid distribution. A braided flexible stainless 
steel bellows assembly was used for the flexible section. The container was 
designed for a pressure safety factor greater than four, with an ultimate 
design burst pressure of 10.3 x 10^ Pa. 

The high power (100 - 200 K) heat pipe was tested with methane at 100 - 
140K, and test data Indicated only partial priming with a performance limit 
of less than 50 percent of theoretical. A series of tests were conducted 
with ammonia at '280 K to determine the performance under varying fluid 
charge and test conditions. The low temperature heat pipe was tested with 
oxygen at 85 - 95*K and with methanol at 295 - 315*K. Performance of the 
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low temperature heat pipe was above the specification (6 > 8w vs. 4.Sw) but 
was below theoretical predictions. Results of the completed testing are 
presented and possible performance limitation mechanisms are discussed in 
sections 5.0 and 6.0, The lower-than-expected performance was felt to be 
due to small traces of non-condensible gases which prevented the composite 
wick from priming. Additional investigation and parametric testing is 
recommended since all cryogenic composite wicks are subject to the same 
potential degradation. 

BACKGROUND 

As performance and lifetime requirements for future spacecraft systems 
and experiments become more stringent, the need and demand for reliable and 
efficient passive thermal control systems becomes more critical. This has 
been evidenced by the increasing number of spacecraft systems utilizing 
ambient temperature heat pipes over the past five years. More recently, the 
advantages of heat pipes for thermal control have been realized on systems 
operating at cryogenic temperatures. The RM-20B radiator (Reference 1) was 
the first application of cryogenic heat pipes Into a space qualified 
thermal control ^stem. 

Preliminary design studies of future DOD and NASA programs and experiments 
Indicate Increasing applications of cryogenic heat pipes. In many cases, 
flexibility Is required because of co-planar ground test requirements or to 
facilitate on-orbit deployment, orientation or scanning. Although 'the tech- 
nology of rigid cryogenic heat pipes Is reasonably 'well established down to 
80°K, flexible cryogenic heat pipe development to date has been limited. A 
flexible cryogenic heat pipe with methane as the working fluid was tested 
at 110*K during 1974 (Reference 2). Although test data Indicated that 
the concept was feasible, a highly flexible cryogenic heat pipe has yet 
to be developed and qualified. Below 80"K, little or no data exists although 
there appear to be applications with requirements as low as 20*K or lower. 

In addition to providing a flexible heat transfer link for deployable 
or moving spacecraft systems, flexible heat pipes offer several advantages 
over rigid heat pipes in many applications. A flexible heat pipe: 
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(1) Facilitates fabrication by eliminating the need for 
accurate bends and alignment tolerances. Flexibility 
also facilitates Installation and allows more accurate 
alignment of the heat pipe at critical interfaces. 

(2) Minimises or eliminates stresses in a system due to 
differential thermal .contraction between the heat pipe 
and the system as the system is cooled to operating 
temperature levels. This feature is critical in 
applications where heat pipes interface with optical 
or infrared sensors which require extremely accurate 
alignment tolerances. 

(3) Allows meaningful ground testing of heat pipes which 
require multiple plane bends in the Installed 
configuration. 

Potential NASA applications include the Shuttle Infrared Telescope 
facility, the NASA/JPl. Gatmna Ray Spectrometer, and the NASA/JSC Super~ 
conducting Magnetic Spectrometer. The use of flexible heat pipes to thermally 
link a detector or sensor with a cryostat or radiator provides needed 
flexibility of detector location, whereas in many conventional systems, the 
cryostat or radiator location is constrained by pointing requirements for 
the detector. This flexibility of location could result in reduced space 
and weight, lower dynamic loads, and lower environmental heat loads. 

Cryostats could also be better located to minimize center-of-gravlty changes 
as the cryogen evaporates. 

The two flexible pipes reported here were each chosen to be represent- 
ative of a particular class of applications. The 100 - 200 K high power heat 
pipe is of the type useful fox deployable radiators, where large distances 
or heat loads and a small nuaiber of flexures are generally required. The 
low tet^erature, maximlzed-flexlbility pipe is applicable to cooling of 
moveable cryogenlcally-cooled detectors. 
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2.0 SPECIFICATIOHS AND REQUIREMENTS 

The high power heat pipe was to be designed for a specific operating 
temperature In the range of 100-200"K, with che heat transport capability 
as great as possible. The low tc'nperature heat pipe was to be designed for 
a specific operating temperature In the range of IS-IOCK. The heat pipes 
should meet or exceed the heat transport and static height values shown In 
Table 2-1 for various fluids. As discussed In Reference 3, the specified 
heat transport and static height values for neon may not be achievable 
with a single design for all of the fluids because of Its poor surface 

tension. 

The high power heat pipe was designed and optimized for operation with 
methane at 100 to 140*K. The low temperature heat pipe was designed and 
optimized for operation with oxygen at 77 to 90*K. The heat transport and 
static height corresponding to these temperature ranges for the high power 
and low temperature heat pipe are shown In Table 2-3. 

In addition to the above specifications, the primary wick must be 
capable of self-prlmlng against an adverse elevation (0.2 cm was selected for 
design purposes). The heat pipe must also be designed to withstand a burst 
pressure of four times the internal pressure of a fully charged pipe at the 
maximum service temperature (315”K). A schematic of a flexible heat pipe 
Is shown In Figure 2-1 for reference. 
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Table 2-1 Specified Heat Transport and Static Height 
High Power Heat Pipe 


Working 

Fluid 

Approximate 
Operating 
Temperature °K 

Horizontal Plane 
Heat Transport 
Capability, U 

Static 
Height, cm 

“4 

110 

40 

1.7 


140 

35 

1.7 

Freon 13 

180 

20 

0.6 

HH 3 

200 

100 

3.0 


Working 

Fluid 

Approximate 
Operating 
Temperature ‘K 

Horizontal Plane 
Heat Transport 
Capability, W 

Static 
Height, cm 

«2 

20 

4.0 

1.4 

He 

30 

0.5 

0.2 

^2 

77 

2.5 

0.6 

°2 

90 

4.5 

0.6 

CH 4 

100 

20.0 

2.0 
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Table 2-2 Specifications for Flexible Cryogenic Ueat Pipes 


High Power Heat Pipe 

Dimensions: 

Overall Length 
Evaporator Length 
Transport Length 
Condenser Length 

Evaporator and Condenser Diameter 
Flexible Section Diameter 
Weight 

Operating Temperature 
Heat Transport and Static Height 
Allowable Temperature Differential 

Flexibility Requirements: 

Minimum Bend Radius 
Bend Angle (Primary Plane 
Bend Angle (All other Planes) 

Lifetime 

Elongation from Cryogenic to Ambient 

Low Temperature Heat Pipe 

Dimensions: 

Overall Length 
Evaporator Length 
Transport Length 
Condenser Length 

Evaporator and Condenser Diameter 
Flexible Section Diameter 
Weight 

Operating Temperature 
Heat Transport and Static Height 
Allowable Temperature Differential 

Flexibility Requirements: 

Minimum Bend Radius 14 cm 

Bend Angle (Primary Plane) 0 - 180* 

Bend Angle (All other Planes 0 - 90* 

Bend Force at Operating Temperature '< 13,3 Nt 

Llfetiioe > 1000 Cycles before failure at Oper. 

Temperature 

Elongation from Cryogenic to Ambient Temperature Aa email as possible 


95 cm 
15 cm 
65 cm 
15 cm 
TRD 

As small as possible 
As low as possible 
15 - 100"K 
See Table 2-1 

3*K 


20 cm 
0 - 180* 

0 - 90* 

> 1000 Cycles before failure at Oper. 
Temperature 

Temperature As small as possible 


95 cm 
15 ^m 
.65 cm 
15 cm 
TBD 

As small as possible 
As low as possible 
100 - 200“K 
See Table 2-1 

4*K 
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Table 2-3 Heat Transport and Static Height 
for Design Temperature Ranges 


Operating 
Temperature (“K) 

Horizontal 
Heat Load (W) 

Static 
HelRht (cm) 

High Power Pipe 



100 

20 

2.0 

110 

40 

1.7 

140 

35 

1.7 

Low Temperature Pipe 



77 

2.5 

0.6 

90 

4.5 

0.6 



CONDENSER SECTION FLEXIBLE SECTION ’ • EVAPORATOR 

SECTION 


— . TRANSPORT SECTION 


Figure 2-1 Flexible Heat Pipe 'Layout 
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3.0 DESIGN PARAMETERS AND TRADEOFFS 

Although design procedures vary with application, the heat pipe design 
sethodology generally consists of selecting a working fluid on the basis of 
Its physical and thertnodynanic properties in the required operating temper- 
ature range, and designing an envelope which will meet the specified 
performance and pressure containment requirements. Optimization generally 
Involves either maximizing the transport capability within a fixed physical 
envelope, or minimizing the size and/or weight for a specified transport and 
conductance requirement. 

The requirement for flexibility, particularly with cryogenic heat pipes, 
imposes a number of additional design considerations on the wick and 
container. The following paragraphs discuss the various factors as they 
relate to the optimization of a flexible cryogenic heat pipe. 

WORKING FLUID 

In general, the best working fluid is one which is conq>atlble with 
applicable container materials and whose liquid transport factor wlcking 

height factor (H), and thermal conductivity (k) are the highest. In addition. 
It is desirable to have the fluid's normal boiling point below the operating 
range in order to avoid excessive vapor losses. Furthermore, maximum 
flexibility and minimum container strength and weight are realized if the 
fluid has a low critical pressure and a high critical temperature. Pertinent 
fluid properties for the specified heat pipe flxilds are shown as a function 
of temperature in Figures 3-1 through 3-4. 

In the cryogenic regime, especially at the low end, there are a limited 
nuniber of suitable fluids, and each has a relatively narrow operating range. 
For exaiiq>le, helim, hydrogen, and neon are probably the only fluids suited 
for operation in the 0 to 40‘K range. Meaningful thermal tests with helium 
in the 0 to 8*R range are questionable. Hydrogen has adequate transport 
properties In the 15 to 30*X range but poses safety requirements. Neon has a 
relatively high liquid density and a very low surface tension which result 
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Figure 3*>1. Liquid Transport Factor 


Ts. Temperature 
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in an extremely low wlcklng height factor In Che 3'' to A0*K range. As a 
result, 1-g testing with this fluid Is extremely difficult even with 
optimized wick designs. It should also be pointed out that between the 
critical temperature' of neon (4A.5*K) and the triple point of fluorine (54 ®K) 
no two-phase fluids exist. The 40-60°K range is therefore Impractical for 
heat pipe operation. 

Oxygen and nitrogen are the most suitable for the low temperature pipe. 
Fluorine was discounted on the basis of safety and handling; argon, on the 
other hand, has comparable transport properties, but Its melting point Is higher 
than either oxygen or nitrogen (84.2‘K). Oxygen was selected as the working 
fluid for the low temperature pipe. 

In the 100 to 200^K range, fluids have a broader operating range and 
their perofrmance is generally better. Methane and ethane have the highest 
heat transport and wlcklng height factors (with the exception of ammonia 
whose melting point is slightly below 200‘K) . Several of the Freons (e.g. 
F-13, F-14, and F-21) are also useable but their wlcklng height factors are 
approximately 1/2 that of either methane or ethane In the respective operating 
ranges. Consequently, less permeable wicks are required to satisfy the self- 
priming criterion and this In turn results in substantially lower transport. 
Methane was selected as the td.cking fluid for the high power heat pipe. 

CONTAINER DESIGN 

Design considerations for the container Include flexibility at operating 
temperatures, pressure containment at the maximum service temperature, flex- 
ural fatigue after repeated cycling, elongation, compatibility with the work- 
ing fluid, and machlnablllty and weldability. The thermal conductivity of 
the container wall Is an Important consideration In the evaporator and 
condenser. The material properties corresponding to pressure containment, 
elongation and flexibility are yield strength, thermal coefficient of 
esqianslon, and ductility, respectively. Various materials and designs for 
the flexible container were evaluated. The selected design Is a 316 stainless 
steel braided flexible bellows assembly with a 316 stainless steel tube 
brazed at either end for the evaporator and condenser sections. In addition 
to satisfying requirements fox flexibility, compatibility, containment, etc.. 
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this type of flexible hose is readily available as an "off the shelf" Item. 

The Inside diameter (ID) of the container Is determined by flexibility, 
thermal conductance, containment and transport requirements. Nominal 0.953 cm 
(3/8 in) and 0.635 cm (1/4 In) flexible hose sizes were selected for the high 
power and low tesqierature pipes, respectively, on the basis of a preliminary 
transport analysis and flexlblity requirements. 

Evaporator and condenser I.D.'s must also be consistent with thermal 
conductance requirements. Available literature was reviewed to establish 
film coefficients for the methane and oxygen pipes (References 2, 4, 5 and 6). 
There are limited data for both fluids and in fact oxygen has been tested I 
only In an axial grooved heat pipe (Ref. 4). Since axial groove film 
coefficients are generally lower than those for screw thread secondary 
wicks, the axial groove values were used to predict conservative conductances ' 
for the flexible pipe. A summary of film coefficients available in the 
literature for methane and oxygen Is presented In Table 3>1. 

• •• • M 

Table 3-1 Film Coefficients for Oxygen and Methane 


Fluid 

Temperature 

Wick Design 

Evaporator 

Condense 

.r 


•k 


(M/cb^-"C) 

(BTU/hr 

-ft2-*F) 

(W/m^-^C) 

(BTU/hr 

-ft^-“F) 

Oxygen 

100 

Axial groove 

2900 

500 

4900 

865 

Methane 

100-130 

Axial groove 

1/30 

300 

6100 

1070 


100-120 

Axial groove 

2300 

400 

3300 

570 


125 

Spiral artery/ 
screw thread 

1700 

300 

- 

- 



grooves 






120 

Multiple artery/ 


Average 





screw thread 


3060 W/m2-C(530 BTU/hr-f t^-'F) I 



grooves 







The relatively low heat loads specified for the low temperature pipe 
allow the 3*C design goal to be satisfied with a tube ID less than 0.635 cm 


(1/4 in) , and the specified 15-cm evaporator and condenser lengths . A 
0.98 cm ID was selected for the evaporator and condenser sections to 
accommodate the oxygen pressure without using a reservoir. 
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It was necessary to Increase the evaporator length of the high power pipe 
to 20.3 cm In order to limit Its temperature drop to 3*C. Evaporator and 
condenser IDs could have been Increased but these sections would become 
unnecessarily bulky and would Impact the self-priming ability of the wick. 

WICK DESIGN 

The various factors that affect the wick design include self-priming 
and transport requirements, flexibility, and materials compatibility. Screen 
is readily available in 316 stainless which is also the container metal. 
Optimum flexibility in a screen wick is obtained by orienting the crossmembers 
or fibers on a bias relative to the longitudinal axis of the wick to avoid 
normal compression of the fibers in bendl"**. With the square mesh screens 
that are commonly used to fabricate conventional wicks, bias angles between 
30 and 60 degrees provide the greatest flexibility. In addition this also 
provides the axial pliability needed for expansion and contraction. Maximum 
flexure in all directions requires a wick which has a circular or annular 
cross-section and is concentric with the container. The cross-section should 
be as small as possible, consistent with transport and wicklng height 
requirements. 

Examination of the transport and static height specifications indicates 
that composite wick designs are required. Axially graded wicks are a possible 
alternative but they were not sufficiently developed to be considered for 
this application. A variety of composite wick designs have been tested. 

These include the pedestal artery, multiple central artery, spiral and 
tuxmel artery, and multi-layer slab. The slab used in the feedback controlled 
heat pipe for the ATFE (Ref. 7) has demonstrated reliable zero-g start-up 
with a non-condensible gas present. Since some amount of gas generation must 
be expected over the life of a heat pipe, a multiwrap design with a circular 
cross-section was selected as the baseline. This wick consists of a 
circular core of coarse screen which is encapsulated by fine mesh screen at 
the inner and outer surfaces and at the ends. The coarse mesh provides high 
permeability for liquid flow while the outer mesh gives high capillary 
pumping. Spiral artery designs which utilize annular flow passages 
established by spacer vires between layers of fine mesh screen were considered 



in the analysis as an alternate. Each design Includes a centrally-located 
tunnel with both evaporator and condenser ends sealed with the fine mesh 
screen. This was done to permit operation with a Clapeyron-prlmed tunnel 
artery. No attempt was made to optimize with regard to the tunnel 
diameter. 

Cross-sections of the two wick types are shown in Fig, 3-5. Four 
equally spaced Interconnecting screen bridges are used in the evaporator and 
condenser sections to Interface the centrally located primary wick with the 
circumferential screw thread grooves on the container wall. The bridges 
consist of two wraps of the fine mesh screen used in the primary wick. 
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4.0 ANALYSIS AND DESIGN 


PARAMETRIC ANALYSIS 

A paraneCrlc analysis was conducted to establish wick properties and 
cross-sections which yield optimized transport capability consistent with 
the previously specified design and petforoance criteria. 

SELF-PRIMING 

Once a container ID has been chosen* it is necessary to establish the 
wick parameters which satisfy the "1-g" self-priming requirement. The 
hydrostatic priming head associated with priming a concentric wick of 

diameter D^ which is supported by bridges of diameter D^ and has an adverse 
elevation of 0.20-cm is given by 

Hgp - Dy + Dg + 0.20 (cm) (4-1) 


The corresponding pumping radius r^p required for self-priming is 


r 


SP 


2 o 

®o **SP 


(cm) 


(4-2) 


where o is the surface tension* p. the liquid density and g the gravitational 
constant. The self-priming radius was determined at 100‘K and 140*K f;>v 
oxygen and methane* respectively* since this will guarantee priming over the 
temperature range specified for each of these fluids. Also* in order to 
initiate the analysis it was necessary to estimate the diameters of the wick 
and bridges. This was done by assuming that the liquid and vapor flow areas 
are equal. Hence for a given container ID* values for D,, and D_ are readily 
determined. In general this assumption proved slightly conservative. Since 
transport requirements were easily satisfied* no iteration between self- 
priming and transport capability was performed* 


In the case of the multi- wrap design* the corresponding mesh site of the 
coarse screen can be determined as (Reference 8) 


M - 


2.54 


2 r 


(i.-’) 


(4-3) 


sp 
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Once the nesh size has been established, the coarse screen can be completely 
specified by defining Its wire diameter d^ . This consists of maximizing 
the permeability within fabrication limits. The permeability of screens Is 
determined from the Kozeny Equation (Reference 8). 

where d,. Is the wire diameter and 


ir (1.05) ** 

4 2.54 


(4-5) 


Althout It is not explicit In the preceeding equations, for a given mesh 
size, the porosity and correspondingly the permeability Increase as the wire 
diameter Is decreased. However, experience gained In fabricating development 
samples of the wick for the low temperature pipe Indicated that screens with 
wire diameters less than 0.17-mm are very sensitive to compression and. tend 
to deform readily. 

Flow permeability tests were rund on short spirally wrapped wick samples 
with various mesh sizes and wire diameters. The test set up Is shown In 
Figure 4-1. Hater was allowed to flow across the test specimen from a 
constant pressure head reservo'r. The differential pressure across the 
specimen was measured with an open V-tube manometer. The mass flow rate was 
measured by collecting the efflux In a container and weighing It after a 
measured time Interval. Test results for several wick samples are shown In 
Table 4-1. 

Hire diameters of 0.33 and 0.14-nm were selected for the high power and 
low tesq>erature heat pipes, respectively, on the basis of adequate permeability, 
and availability. For the spiral artery, the self-prlmlng requirement dictates 
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the diameter of the spacer vires which In turn detennlnes the wick's 
permeability. 

TRANSPORT CAPABILITY 


A computer program was written to determine the heat transport capability 
of the wicklng system. The program models the secondary vlck standoffs 
(bridges) and the circumferential screw threads as well as the primary axial 
vlck. The program, called UICKPER, Is described In Appendix A. Sample 
results are presented in Appendix B. 


Once the vlck parameters have been determined, the WICKFER program Is 
used to establish the optimum vlck area which gives the maximum transport 
capability at a specified temperature. The program calculates transport 
capability considering laminar liquid losses through the primary wick, the 
evaporator and condenser bridges, and the evaporator's screw thread grooves. 
Laminar or turbulent vapor flows are also taken Into account. In order to 
avoid excessive vapor losses, which are less predictable than the laminar 
liquid flow, acceptable wick areas were limited to those which resulted In 
values of the friction parameter (P) being larger than 0.70, where 


A P. 


T - 


A P + AP, 
v I 


(A-6) 


This criterion was only applied In the wick optimization with the tunnel 
unprlmed. Once the wick had been determined its performance with a primed 
tunnel was then predicted and generally the corresponding values of F were 
less then 0.70. The optimum vlck area was determined at the low end of the 
specified temperature range (i.e., 75"K for oxygen, 100”K for methane), since 
the lower the temperature the more dominant the vapor losses. 

HEAT PIPE DESIGN SUMMARY 

A suBBsary of the geometry, materials, and vlck properties for the 
selected designs Is shown in Table 4-2 for the high power heat pipe and In 
Table 4-3 for the lew temperature heat pipe. These values were used for the 
parametric performance analysis described In the following section. 

The methane pipe utilizes 200-mesh screen for the composite pumping and 
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Table 4-2 High Pover Heat Pipe ^slgn Sunnnary 


CONTAIN0I GEOMEHY 

UNGTN (CM) I.D. (CM) 

EVAFOKATOR 

20.3 1.23 

FLEXIBLE SECTION* 

44.5 O.MS 

CONOa^SB 

TS.O 1.23 

1 WICK GEOMETRY I 

FRIMARYWIOC 

multi-wrap circular CROSS-SECTION FORMED 
FROM 30-MESH COARSE SCREEN CORE WITH 


200-mesh pbiphery 

0.0. (CM) 

0.74 

TUNNa DIAMETER (CM) 

0.24 

INTERCONNECTING BRIDGES 

TWO WRAPS OF 20O-MESH SCREEN 

NUMBER 

4 

1.0. (CM) 

OJS 

CIRCUAtfERENHAL GROOVES 

SCREW THREADS, 40® ANCLE 

NUAABB (GROOVES/CM) 

72 

WICK PROFERTIES 


30-MESH WIRE DIAMETER (CM) 

0.033 

permeability, THEORETICAL (CM?) 

2.70 X T0*« 

FLOW CONDUCTANCE (KA), THEOREHCAL (CMT 0.82 x TO*® 

FLOW CONDUCTANCE (K^O, MEASURED (CM*f 2.54 x 10"* 

200-mesh PUMPING RADIUS (ChQ 

4.35x10*® 

MATERIAL 

3T4 STAINLESS Srni 

WORKING FLUID 

METHANE 

OPBATING TEJMFERATURE RANGE 

TOO • 140 K 


•NOMINAL VH IN. FUXIBU HOSE 
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Table 4-3 Low Temperature Heat Pipe Design Summary 


CONTAINER GEOMETRY 




LENGTH (CM) 

I.D. (CM) 

EVAPORATOR fCM) 

IS.O 

0.94 

TRANSPORT (CK^ 

7.9 

0.94 

FLEXIBLE SECDON (CM)* 

53.9 

0.635 

CONDENSER (CM) 

IS.O 

0.94 

WICK GEOMETRY 



PRIMARY WICK 

MULTI-WRAP CIRCULAR CROSS-SECTION FORMED 


FROM 54-MESH COARSE SaEEN CORE WITH 


250-MESH PERIPHERY 

O.D. (CM) 

0.46S 


TUNNEL DIAMETER (CM) 

0.160 


INTERCONNECTING BRIDGES 

TWO WRAPS OF 250-MESH SaEEN I 

NUMBBt 

4 


I.D. (CM) 

0.24 


CIRCUMFERENnAL GROOVES 

SCREW THREADS, 

66* ANGLE 

NUMBER (GROOVES/tM) 

72 


WICK PROPERTIES 



54.RAESK WIRE DIAMETER ^ 


0.014 

PERMEABILITY, THEORETICAL (C*^ 


1.148 » 10*® 

FLOW CONDUCTANCE (KA), TKEOREDCAL (CM<) 

O.I26xIO'< 

FLOW CONDUCTANCE 0(A), MEASURED (Cl^ 

0.386 X 10*^ 

ESO-^H PUAAP1NG RADIUS (CA«0 


0.508x 10*2 

MATERIAL 

316 STAINLESS STEEL 

WORKING FLUID 

OXYGEN 


OPERATING TEMPetATURE RANGE 

70 - 110 K 



*N0M1NAL 1/4 IN. FLEXIMl HOSC 
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the bridges. This was selected since It Is about the smallest mesh sire that 
Is compatible with the screw thread grooves. The oxygen pipe uses ZSO-mesh 
screen only to insure that equivalent 200**mesh pumping is attained even with 
degradation due to screen imperfections or as a result of fabrication. 
Theoretical and* measured values are listed for the liquid flow conductance 
(KA). Theoretical values were used to define the wick geometry and verify 
that the heat pipe’s performance satisfied the specified transport. After 
each wlcfc had been fabricated, permeability tests were performed and the 
actual KA was measured (see Section 5.0). Transport capability was then 
recalculated using the measured values which are three times greater than 
theoretical for both wicks. The wick diameters which were determined from 
the analysis and subsequently fabricated are also listed In the Tables for 
completeness. 

PARAMETRIC PERFORMANCE 

The maximum zero-g transport capability that was determined for the 
multl-vrap design tislng theoretical wick properties Is presented In Figure 4-2 
as a function of temperature. These results are with the tunnel unprlmed and 
were determined utilizing the wick area which gave the maximum transport at 
the low end of the specified temperature range for the oxygen and methane 
pipes. Performance with nitrogen and ethane Is also Indicated, as well as 
the effect of bellows size. The transport capability with oxygen or 
nitrogen is almost twice as great when the bellows size is 3/6-ln. versus 
1/4-ln. Since the performance specified for the low temperature pipe was 
easily met with oxygen, the smaller diameter was selected to maximize flexi- 
bility. There Is negligible Improvement with a 1/2-ln. bellows versus a 
3/8-ln. bellows with either methane or ethane. In this case, the area 
increase is not as pronounced and the gain is more than offset by the decrease 
in permeability which results from Che higher self-priralng requirement. 
However, sufficient performance margin is available with the 3/8-ln. size. 

The maximum heat transport capability is presented in Appendix B for 
each of the systems shown in Figure 4-2, Primed and unprlmed tunnel perfor- 
mances are compared. The effect of the tunnel is to Increase the liquid flow 
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LOW TEMPCRATtRE HEAT PIPE 
(NITROGEN AND OXYGEN) 
multi-wrap WICK 
tunnel diameter - O.UO-CM 
O.M5-CM (1/4-IN.) aaiows 

(KA)theOR ■ ®* '2® * 

0.9S3-CM (Va-IN.) BEaOWS 
0'>^THEOR“®-“«*''-’^W« 


HIGH POWER liEAT PIPE 
(METHANE AND .ETHANE) 
MULTI-WRAP WICK 
TUNNEL DIAMETER - 0.24 l-CM 
0.953-CM (3/B-IN.) BELLOWS 
0tA>THEOR " ®-8'A « 10*'3 M* 
1.27-CM (1/2-IN.) BELLOWS 

O^^Itheor “ ®*7^0 * I0“'8 M^ 



f 

t 


K- 


Vigiire 4-2 


1 - 


•' % 


Beat Tranaport StsBaarv baaed on 
Theoretical Vick Permeability 


• - ‘V i 


O.', V • 
■■ -> 
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conductance (KA) where 


“ - «“>wick ♦ 


(4-7) 


Bence» the smaller the wick's conductance, the more dominant Is the effect of 
the tunnel. As a result, Improvements are most pronounced for nitrogen whose 
wick permeability Is Inhibited by the self-prlmlng requirement andt correspond- 
ingly Its relatively low wlcklng height factor (H). On the other hand, the 
higher the vapor losses (l.e., the smaller the values of F), the smaller the 
gain due to a primed tunnel. 


Also Included In Appendix B are the performance predictions for optimized 
spiral artery designs with methane and oxygen and 3/8 and 1/4-in. bellows, 
respectively. A comparison of Figures B-1 and B-3 shows approximately 20Z 
higher performance for the spiral design with methane. In the case of 
oxygen, there Is about a 2:1 increase (cf. Figures B-6 and B-8) . The higher 
transport Is derived from the higher flow conductance of the spl/al wick. 
However, this wick is more difficult to fabricate than the multi-wrap design, 
particularly In smaller diameters. Furthermore, the reallablllty of the multi- 
layered system has been established with a non-condensible gas present. As 
a result, since Its predicted performance margins are adequate, the multi- 
wrap was selected as the baseline design. 

The maximum zero-g heat transport predicted for the as-bullt systems 
Is presented in Figure 4-3 as a function of temperature for both a primed and 
unprlmed tunnel. Performance with nitrogen In the low temperature pipe and 
ehtane In the high power pipe Is also shown. A maximum of 27 W at lOO^’K can 
be attained with the baseline oxygen system. Its perfotmance drops off to 
5 U at 70*K due to high vapor losses. Perfoxrmance with the tunnel primed Is 
virtually Identical at 70"R due to the predominance of the vapor loss. In 
the 90 - 110”K range, the primed tunnel offers approximately a factor of two 
(2) improvement. A maximum of 15 V at 82°K can be attained with nitrogen 
with the tunnel unprlmed. Again the primed tunnel Increases the ma»-(^Tni Ti 
performance by about a factor of two (2). The resultn indicate that nitrogen, 
which has the same wlcklng height and therefore self-prliolng ability at 80*K 
as oxygen at 100‘K, would be preferred at tesqieratures below 80*K. 
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LOW TEMPER A TURE HEAT PIPE 
(NmOGcN AND OXYGEN) 
MUITI-WRAP WICK 
0.63S<CM (1/4 IN.) BELLOWS 
TUNNEL DIAMETER » 0.160 CM 
(KA),^AS ■ 0-386 ic 10-5 CM< 


HIGH POWER HEAT PIPE 
(METHANE AND ETHANE) 
MULTI-WRAP WICK 
0.953-CM (3/B IN.) BELLOWS 
TUNNEL DIATAETBt ° 0.241 CM 
(KA)m£as* 2.5x10-5 CM* 



Flgisso 4-3 Beat Tranapert Sumnery Based on 
Measuted Vick Peineabtlity 
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Approximately 110 U can be transported with either methane or ethane 
at the midpoint of their respective operating ranges. The improvement 
afforded by the primed tunnel is only 50Z in the high power pipe. This le 
due to the higher flow conductance <KA) of the multi-wrap wick in this 
system. 

Although the measured (KA) of the fabricated wicks is approximately three 
tines greater than the theoretical value » the overall heat pipe performance 
is generally only 2-2. S times better. This is due to Increased vapor losses 
and, as will be discussed shortly, the screw thread grooves are also limit the i 
pe^j^ormance. | 

Xhe *ero-g transport with the wick performing as an open-artery 
(i.e. pumping derived from coarse mesh screen) is compared to the primed 
cases in Figures 4-4 through 4-7 for each of the fluids. In all cases, the 
performance is approximately 20Z of that provided by the composite with the 
tunnel unprimed. Also shown in these figures are the friction parameter (F) 
and the pumping ratio (y) . As Just discussed, the higher permeability obtained 
with the actual wicks leads to higher vapor losses and thus the values of F 
become less than 0.70 over a large fraction of the temperature range. As 
expected, the vapor losses are also more pronounced when the tunnel is primed. 
Turbulent vapor flow > 2200j will exist in both pipes if the tunnel is 
primed. The vapor is turbulent with and without the tunnel primed for both 
methane and ethane. 

The pumping ratio (y) Is defined as the ratio of the actual pumping 
developed by the primary wick to the maximum that can be obtained with the 
fine mesh screen. When this parameter is less than one (1), it indicates 
that the secondary wick in the evaporator (i.e., screw thread grooves) is 
limiting the heat pipe's performance. The vapor losses tend to be higher 
in the oxygen pipe and ac a result the secondary wick, which represents a 
liquid loss, is limiting only when the tunnel is primed with oxygen. The 
screw thread grooves limit the performance of all other fluids in either 
tunnel condition. These results point up the need for iBq>rovlng circumferential 
liquid distribution in the heat pipe evaporator sections. An Increase In 
the groove area covered by the bridges would tend to alleviate this situation. 
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The "l>g" transport capability of both heat pipes at various temperatures 
with the tunnel unprlmed Is shown In Figures 4-8 through 4-11 for each of the 
fluids. The change in slope esdilblted by several of the curves Is associated 
with the secondary wick limiting the system's performance at the higher heat 
flows. As the elevation Is Increased and the heat flow decreases, the ratio 
(y) Increases to a value of one (1). At this point the screw threads are 
no longer limiting and the curve changes slope. 



figure 4-8 Beat Traaeport Capability of High Power 

flexible Boat Pipe ve. Elevation CKatbaae) 
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MUUI-WRAP WICK - 0.953 O/. (3/8 IN.) BELLOWS 
TUNNEL DIAMETER =» 0.241 CM 

(I^A)m£as ** 2.5 X 10 ^^M^ 




ELEVATION, CM 
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Flexible Beat Pipe vs. Elevation (Rltrogea) 
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5.0 HIGH POWER HEAT PIPE PABRICATION AND TEST ‘ 

This section suomarlses the results of the fabrication and test program 
for the high power heat pipe which was the first to be fabricated. Since 
this was a technology development programi both the fabrication and test 
efforts necessarily involved some degree of trial and error. The discussion 
below highlights some of the problems encountered and describes Che method 
of solution. The test program Involved several thermal performance tests 
with methane and with ammonia as well as investigative tests to help explain 
the behavior of the pipe. Preliminary test results were presented at 
the 11th AlAA Tliermophysics Conference in 1976 (Reference 9). 

HEAT PIPE PABRICATION 

The high power heat pipe was fabricated in accordance with the assembly 
drawing. Figure 5-1. The container consists of a 0.95 cm (3/8 in) flexible 
metal bellows assembly with a length of schedule 80 tubing welded to each 
end (Figure 5-2). The bellows is covered with a double braided wire sheath 

O 

to provide a design burst pressure of 1.03 x 10 Pa (15000 psi). The ends 
are machined and internally threaded with 72 threads /cm to provide circumfer- 
ential wicking. The primary wick, as discussed in Section A.O, is a spiral 
mulciwrap of 30 mesh screen encapsulated by a 200 mesh outer wrap. The 
screen is cut on a 45* bias to provide flexibility. Four screen bridges are 
used at Che evaporator and condenser ends provide radial liquid distribution 
(Figure 5-1) and are also 200 mesh screen. 

The fabrication and testing sequence for the high power heat pipe is 
shown in Figure 5-2. A summary of Che detailed fabrication and assembly is 
described below. 

Flexible Container 

The flexible container was purchased as an Integral unit with a length 
of schedule 80 316 SS tubing welded at either end. The flexible container 
geometry Is shown In Figure 5-3 in the as-purchased configuration. Dimensions 
are shown for both the hl^ power and the low temperature heat pipe con- 
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Upon receipt from the outside supplier, the osseoblles were successfully 
subjected to a proof pressure test of 2.4 x 10 Pa (3500 pslg) and a helium 
leak at 2.1 x 10^ pa (3000 psig). One of the hose assemblies. identlfj.ed as R8. 
was then hydrostatically burst tested. Failure occurred at 77.9MPa (11.300 psig) 
in the longitudinal weld of the bellows section (Figure 5-4) . 

The evaporator and condenser ends were subsequently drilled and reamed 
to an Internal diameter of 1.23 cm (0.485 in). The inside walls were then 
internally threaded with 72 grooves /cm as indicated in Figure 5-1. Threading 
was accomplished with a "blind” boring bar developed by Rockwell under a 
previous IR&D program (Reference 10). guide bar was modified for this 
program to match the l.D. of the tube. Problems were encountered during 
initial threading attempts due to galling between the guide bar and the tube 
which were both stainless steel. The problem was remedied by honing the 
inside diameter of the tubes and switching to an aluminum bronze guide bar. 
After threading, the ends were cut to length and the O.D, was turned down to 
a final diameter of 1.59 cm (.625 In). The final dimensions are shown in 
Figure 5-5. 

Primary Wick Fabrication and Testing 

The primary heat pipe wick consists of two types of annealed 316 stain- 
less steel screen wrapped, on a 45 degree bias, in multilayers. The inner 
layer was 200 x 200 mesh*^^^^ cm (0.0023 inch) diameter screem with a tunnel 
.24 cm (0.093 in). 4fter continuous resistance ./elding of the longitudinal 
overlap seam, the tunnel was static pressure tested' to determine the minimum 
bubble pressure of the wick assembly. The test set-up. shown in Figure 5-6. 
consists of a mathanol bath in which the wick is Inversed. a regulated GN2 
supply and a micrometer needle value, and an open U-tube manometer, llie 
«rlck is held level Just below the surface of the methanol. Pressure is 
gradually increased and read out on the manometer. When the first leak 
(bubble) occurs, the pressure is reduced slightly and recorded. The 
pressure is then increased and the number and location of the first leaks 
is leeorded. 
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Figure 5-3 Ae-Baeelve<S Flexible Bellovs AsBeabllee 





Figure S-4 High Power Heat Pipe Bellows Failure 











■ V 



figure 5<^ Heat Pipe Ulek Static Preaaure Teat Set-Dp 
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An acceptance level of 30 percent of 200 nesh pumping vas established 
for the high power heat pipe wick. For a methanol bath and a water t&anometer, 
the rei;uired d U is gives b; 


A a - 0.8 K 9. 




(5-1) 


where M Is the mesh sice. 9^ is the surface tension of the test fluid 

(methanol) at the measured test temperature, and o is the density of the 

s 

fluid in the nanometer at ambient tessera cure. For a methanol bath and a 
water manometer at 20*C, the minimum acceptance level is 5.84 cm. On the < 
first try, the wick had a single leak at 5.6 cm. The leak was found to be 
due to an enlarged pore caused by movement of the screen wires during tack 
welding. The wires were repositioned and a 5.85 cm head pressure was 
achieved. 


The wick as6eod>ly vas Chen tested for flow permeability in the set-up 
described in Section 4.0 (Figure 4-1). The wick was tightly sealed with 
plastic and cape, leveled, and water at a fixed head pressure allowed 
to flow through the wick. The pressure drop across the wick was measured by 
pressure taps at either end leading to an open ended manometer. Flow rate 
samples were collected at 5 pressure settings in the range of 2.54cm to 15.24ci 
(1 to 6 in) of water. Besults of the test are shown in Figure 5-7. 

The test was repeated without the mandrel to determine the flow permeability 
of the system with the tunnel primed. These results are also shown in 
Figure 5-7. The permeability r. area (KA) product was determined from the 
expression 


KA - 


L u 
dP p 


(5-2) 


where 


dl is the flow rate (kg/sec) 

1. Is the overall length (m) 

2 

M is the viscosity K-s/a 

p is the fluid density (kg/m^) 

2 

K la the permeability (m ) and 
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• WATER AT 25®C 

O 99 CM LONG x .75 CM O.D. WICK 
O 200 MESH TUNNEL AND OUTER SLEEVE 

• 30 MESH CORE 
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Figure 5-7 Flcfw Permeability Test Restilta vlth 
High Power Beat Pipe Wick 
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A Is the flow area (si*) 

-13 ^ 

For the unprlned tunnel, KA was calculated to be 2.5 z 10 b . xhe 

theoretical value for 30 mesh screen with a .74 cm OD assembly Is 

0.86 z 10 m , or a little over one-third of the value calculated from test 

data* The difference in permeability was hypothesized to be due to gaps 

between the layers of 30 mesh screen. An analysis was performed to determine 

what size and geometry of gap could reconcile both the permeability data 

and the total volume of the wick. The coarse area of the wick was formed 

from a 4.4Scm length of 30 mesh screen with a thickness of .061cm, for a 

2 

total area of .271cm . The available area between the Inner and outer 

2 2 
wraps of 200 mesh screen Is 0.346cm ; thus the area of the gap is .075:m . 

The gap was assumed to be a rectangul'ir channel of thickness t with width w, 

2 

where the permeability is defined as t /12. The KA of the gap was assumed 

to be the difference between the measured KA of the system and the theoretical 

KA of the 30 mesh screen, or 1.3 z 10“^^ The gap thickness was solved 
from the relationship 



1.8 X 10"^^ 


(5-3) 


where A 

E 


is the area of the gap 


7.5 z 10"^ 


Solving for t and w yields t » .0537cm, and w ■> 1.4cra. The calculated 
gap size was felt to be ccnservative since the additional flow area of the 
inner and outer screen was not accounted for, and becaase the gap would be 
expected to be uniformly distributed over the length of the 30-mesh spiral 
wrap. For the worst case, however, the question arose would such a gap, if 
it exists, be able to prime? Using property data for methane at the upper 
end of the ICO to 140”K range where the surface tension is lowest, the 
predicted priming height is ' .85cm which is Just eqtial to the mazlcnim 
elevation of the top of the wick from the bottom of the inside of the pipe. 

The gap would therefore be expected to prime. 


After the permeability test was completed, the wick assembly was 
cleaned and the end close-out caps (Figure 5-1) were installed. The wick 
cloae-off caps and the wick were cleaned as follows: 
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(a) Hot flushed with trlchlorethylene for 5 minutes 

(b) Flushed with KacOermld S487 at 160F for 10 minutes 

(c) Rinsed with tap water - followed by a DI water rinse 

(d) Immersed In 20Z HNO^ at 170F for 10 minutes 

(e) Rinsed with DI water 

(f) Dried at 300F for 1 hour 

One wick close-off cap with a hole and one without a hole were butted up 
against each end of the 30 mesh center layers and the overlap of the outer 
200 mesh screen was resistance welded to the circumference of the close-off 
caps. A final static pressure test was acceptable - the first “leak" 
occurring at 6.3 cm A H. A solid tapered stainless steel plug, approximately 
0.25 cm long, was pressed into the hole of the one end cap. 

Wick Standoffs (Bridges) 

Eight pieces, 2.0 cm wide by 25 cm long, of the 200 mesh screen were 
wrapped around .24 cm diameter mandrel and resistance welded Intermittently 
along the 25 cm length. Four were cut to 21.6 cm and four were cut to 16.5 cm 
long to become the standoff wicks for the evaporator and condenser sections 
respectively. 

Eight 347 stainless ateel rods - 0.16 cm diameter were ciit to the same 
lengths as the standoff wicks. Those rods, when Inserted Into the standoff 
wicks, keep the primary t;lck centered In the evaporator and condenser 
sections and Insure continuity between the primary wick and the Internal walls 
of the heat pipe. 

Fill Tube and End Cap 

A fill tube and end cap were machined from 316 ss per the (.'jnenslons In 
Figure 5-1. The I.D. of both ends was counterbored 0.064 cm deep by 1.27 cm 
diameter to match the step In the fill tube and end cap. 

Final Assembly 

All the parts for a complete high power heat pipe assembly as shown 
in Figure 5-8 were cleaned with the same procedure described above. After 
the wick was inserted Into the flexible hose a8sesd>ly and the standoff wicks 
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and rods trere ir?talled( the end cap and fill tube were gas tungsten arc (GTA) 
welded to the condenser and evaporator sections respectively* using 316 
stainless steel filler alloy. 

The unit was successfully proof pressure tested at 2.4 x 10^ Pa (3500 
pslg) and helium leak tested at 2.1 x 10^ Pa (3000 pslg). 

BAKEOUT AND FILLING 

For the bakeout and filling operations* a high pressure high vacuum 
valve was attached to the fill tube end of the pipe. Initially* a Vlhltey 
model 3MBS4 valve was used* but problems with leakage through the stem | 

packing were encountered. The valve was subsequently changed to a Nupro model i 
S4UK which Is a high vacuum cryogenic valve with a bellows sealed stem. The 
Nupro valve worked exceptionally trail during all filling and testing phases. 

I 

Bakeout 

The heat pipe assembly was Inserted Into a bakeout shroud and hooked up 
to a high vacuum system. The pipe was baked out under vacuum at 121*C 
(250F) for 16 hours. The vacuum was maintained below 10*'^ micron after the 
Initial decay. 

Filling 

The theoretical fill determination was calculated based on the measured 
weight and dimensions of the primary wick, the standoff bridges* and the - 
container. The theoretical 100 percent fill charge Is 13. 8g based on 
operation with methane at the minimum test temperature of 100"K. The pipe 
was charged with 14. 8g (7 percent excess) and was weighed to verify the charge. 

TEST PROGRAM 

The high power heat pipe was subjected to a series of thermal tests to 
determine its performance under various conditions of temperature* tilt* and 
fluid charge. Initial tests were conducted with methane at 100 to 140”K. 

Initial test results Indicated that the wick was not achieving full pumping. 

A series of parametric tests trere run using ammonia at 280*’K to try and 
determine what was causing the lower-than-expected performance. Mass 
speetrometerand gas chromatography tests were also run on the methane to aee 
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if their were excess inparties that night have caused bubbles to fom in the 
wick. Results of the overall test program are discussed in the following 
paragraphs * 

Methane Tests 

Test heaters and thermocouples were installed on the heat pipe as i 
indicated in Figure 5-9. Thirty copper-cons tantan thermocouples were spot 
welded to the heat pipe. Each leg of the pair was separately attached so 
that the heat pipe wall becomes part of the electrical circuit* This ensures 
that the temperature indicated will be a true reading and permits continuity 
checking between the vires and the wall as well as between the two wires. A 
single roll of calibrated 28 gage thermocouple wire was used for all hookups. 
Figure 5-10 shows the heat pipe after installation of the heaters and thermo- 
couples. The heat pipe was then Installed In the test fixture and leveled. 
The test fixture, shown schematically In Figure 5-11, consists of a level 
test platform which is supported off a mounting plate by low conductance 
standoffs. Cooling Is provided by an aluminum LN^ reservoir which has a 
heater block between it and the heat pipe for temperature control. The 
heat pipe, mounting tray and LN 2 reservoir are shown prior to final 
installation In Figure 5-12. 

The pipe was thermally tested in a straight configuration In the range 
of 100 to 140”K. Figure 5-13 shows burnout data at l^O'K as a function of 
tilt compared to theoretical predictions. The 67 watt burnout at 0.5 cm 
indicates chat the wick was primed. Detailed temperature profiles for 
62w, 72w, 77w and 82w are shown in figure 5-14. At 62 watts, the pipe was 
nearly isothermal with an average evaporator-to-condenser temperature drop 
of about 2^C (at 40 watts, the pipe was isothermal within 1”C). The profile 
for the 72w case seems to indicate a secondary vicklng system burnout since 
thermocouple numbers 1-5 are still near the vapor temperature. 

As shown in Figure 5-13, the burnout values at higher tilts were all 
significantly below theoretical, and all Indications were that the wick was 
not primed. In fact, the 62 watt burnout point at 0.5 cm tilt could not be 
duplicated in subfiaquent tests. A summary of the burnout points for the 
entire test matrix is shown in Table S-1. 
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Figure 5»9 High Power Heat Pipe Heater and Thenaoeouple Locations 
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Figure 5-11 Test Sef-Up Seheaatle 
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The pipe was evacuated and recharged with methane. The pipe was 
refluxed for 4-6 hours and vented several times to purify the fluid. It was 
nypoches..zed that the low bu:ncut levels were caused by non-condenslble gas 
Impurities which caused the pipe not to prime. In all subsequent tests, the 
burnout power levels did not Improve, and the 67 watt burnout point at 0.5 cm 
tilt or at any other tilt Including a 0.5 cm reflux could not be duplicated. 

At that point, the test results were reviewed In detail with the NASA 
Technical Monitor. It was decided to forego other teats in various bend 
configurations In order to further Investigate the problem. Three possible : 
causes were postulated: (1) deprlmlng or bubble formation due to trace 

contaminants or gas generations; (2) a secondary wlcklng system limitation; 
and (3) a hole or open seam In the composite wick assembly. 

In order to ascertain which of these might be the cause, a trouble- 
shooting plan was formulated. The troubleshooting plan, shown In Figure 5-15. 
consisted of a series of tests and evaluation to systematically narrow down 
the possible causes of failures to a single alternative. The plan called 
for gas analysis of the methane, testing with ammonia; and reversing the 
evaporator and condenser of the heat pipe and testing with either methane 
or ammonia. 

Gas Analysis Tests 

Gas samples were taken from the heat pipe, the methane supply bottle 
(ultra high purity grade) and from a newly purchased supply bottle of 
research purity methane. Samples from the heat pipe and supply bottle were 
Initially tested at Rockwell on a gas chromatograph. Results of the analysis 
are shown In Table 5-2. Matheson purity specifications (typical analysis) 
are also shown for comparison. 

Several conclusions are evident from Table 5-2. First, the Impurities 
In both the heat pipe and the supply bottle are considerably higher than 
quoted by Matheson. This had been suspected based on previous experience 
cited by the Technical Monitor. Second, the Impurities In the heat pipe 
and supply bottle are of roughly the same order. Therefore, evidence of 
corrosion or Internal gas generation Is not apparent. The slightly higher 
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concentrations of can be explained by the refluxlng/outgasslng operation 

which would tend to concentrate condensible Inputlties as the pure methane 
and the non-condenslbles are burped out. 


Table 5-2 Gas Chromatography Results 


Constituent 

Heat Pipe 

Supply Bottle 



3 ppm 

2 ppm 

0 

O 2 + Ar 

12 ppx 

175 ppm 

8-10 ppm 


40 ppm 

165 ppm 

40 - 50 ppm 

‘^2«6 

37 ppm 

28 ppm 

20 - 30 ppm 

C3“8 

< 2 ppm 

< 2 ppm 

5 ppm 

CO 2 

< 2 ppm 

< 2 ppm 

40 - SO ppm 


A mass spectrographlc analysis was also performed to determine water 
content and to corroborate the gas chromatogrph data. The constituents 
Identified by the gas chromatography were confirmed by the mass spectro- 
graphlc analysis. The conclusion from these tests was that the research 
purity methane had significantly higher Impurity levels than the supplier 
specification. Refluxing and venting of the heat pipe appears to have been 
successful In reducing the non-condensible Impurities (which can be seen by 
comparing the heat pipe sample with the supply bottle sample) . The mass 
spectrographlc analysis also Indicated the presence of about 7 ppm of water 
which Is nearly within the supplier specifications. 

The relatively high concentration of nitrogen was felt to be a potential 
cause for the apparent lack of priming of the wick. It was discovered that 
nitrogen is extremely soluble in methane, and has a very steep slope of 
solubility as a function of temperature (solubility decreases with increasing 
temperature). From Reference 11, the solubility cosfflclent was given as 

V - CH - ‘ ¥ 

2 a 
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vliere 0 Is the Ostvald coefficient which is equal to the weight ratio of the 
dissolved gas to that in the vapor, and T is the temperature in degrees 
kelvln. At 130®K, the Ostwald coefficient is 5,6 which means that 85 percent 
of the nitrogen is dissolved in the methane. Thus, for a single venting, a 
of about 15 percent of the nitrogen would be vented. At 77“K, the 
Ostwald coefficient is 103. This explains why attempts to remove the 
nitrogen by freezing the methane in LN^ failed - over 99 percent of the 
nitrogen had gone into solution. 

Ammonia Tests 

The heat pipe was thoroughly evacuated ar,d charged with 22. 4g of ammonia, 
which corresponded to the 14. 3g methane charge (1072). The pipe was tested 
with a 1 cm adverse tilt and burned out at 40 watts. Kith a 1 cm reflux tilt, 
the pipe burned out at 55 watts. At that point, it was hypothesized that 
there was an insufficient fluid charge in the pipe. The pipe was then 
filled to a charge of 24.7 g of ammonia and was retested in the sane con- 
figuration. This time, the pipe burned out at 70 watts with a 1 cm adverse 
tilt and at 100 w with a 1 cm reflux tilt. The cooling system was then 
] idiiied so that the pipe could run below ambient temperature. The water 
was run througli a bath circulator which provided a vater inlet temperature of 
2*C. It was felt that this would preclude condensation of the working fluid 
in the bellows by exposing the bellows to ambient air temperature and running 
the heat pipe below 20”C. Upon retesting, a substantial Improvement in the 
performance of the pipe was noticed. At a 1 cm adverse tilt, the pipe burned 
out at 120 w. The burnout data are shown in Figure 5-16 for the various test 
cases. Theoretical predictions are also shown fo'^ comparison. The burnout 
data indicate a static height of approximately 7 to 8 cm, compared to a 
theoretical static height of 10 cm. The reduced static height is probably 
due to the screw threads rather than the axial wick. The axial wick was 
definitely primed during these tests. 

Although the burnout data was substantially higher, the theoretical 
maximum heat transport capacity with ammonia is over 400 watts. In accordance 
with the troubleshooting plan, the pipe was reversed and tested with the 
heaters on the 15 cm (condenser) and removed at the 20 cm (evaporator) end. 

For this test, the pipe was installed in the straight condition for subsequent 
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testing with methane. Although higher performance was expected, the burnout 
values were actually lower (see Figure 5-16). As a matter of fact, they were 
lower almost exactly by the ratio of the heater surface area for the two cases 

2 2 

(the heater area In the forwared test was ^ 77 cm vs. 52 cm In the reverse 
test). At zero tilt, the pipe burned out at 110 watts compared to 160 watts 
in the forward mode. This nolnts to a limit in the secondary rather than the 
axial wlcking system. A subsequent test showed that this was Indeed the case. 

In this test, the pipe was taken to burnout at a 3 cm adverse tilt 30 Watts). 
After temperatures In the evaporator were substantially elevated, the power 
was reduced by 5 Watts and the system was allowed to stabilize. When the 
power was reduced, the evaporator temperature dropped and stabilized. 

Indicating recovery. The test was repeated at a 5 cm adverse tilt with similar 
results. If the burnout were In the primary wick, the axial wick would have 
deprlred. Since the wick can only prime against a fi.2 cm adverse tilt, the 
pipe could not possibly recover with a 3 cm or 5 cm adverse tilt. 

The low burnout limit In the secondary wlcking system was somewhat 
surprising since both the standoffs and the screw threads were sized to catry 
considerably greater heat loads. One explanation which was hypothesized Is 
that a capillary limit Is reached at the Interface between the wick standoffs 
and the screw thread grooves. This effect is Illustrated in Figure 5-17 
which shows a magnified physical model of the Intersection of the 200 mesh 
screen standoff with the V-grooves. 

When the axial wick Is stressed (note meniscus depression between screen 
wires) , the meniscus In the V-grooves recedes down the wall to a stress level 
consistent with capillary and hydrodynamic flow requirements. In this model, 
both the screen and the V-grooves may be capable of handling the liquid flow, 
but the connecting flow area may be Insufficient. When this occurs, the 
meniscus in the V-grooves will recede more, further reducing the Interconnecting 
flow area until dryout eventually occurs. Loose contact between the standoffs 
and the V-grooves would produce the same effect. 

Further support of this conclusion can be drawn from the data in Figure 
5-16. The burnout points for the 20 cm evaporator case with a 24.7 g charge 
indicate a static height of only 7 cm compared to a theoretical static height 


- 64 - 


SD 77-APU)nAft 



Space DMdon 



Figure 5-16 Test Results with ^mionla at 280*K 
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installed in the test fixture. Burnout tests were run at 140°K and at 120‘K. 
At zero tilt (level) , the pipe carried 20 watts but burned out at 30 watts 
at both 120“K and 140"K. An attempt was made to prime the wick by tilting 
the pipe to a 1 cm reflux with S watts of power applied, the pipe was held 
In this condition for approxlamtely one hour. The tilt was then changed to 
3 cm adverse to check if the «d.ck was primed. The pipe burned out at the 
5 watt load. Successive attempts to prime the wick were eqtially unsuccessful. 
Burnout tests were repeated with reflux tilts of 2 cm and A cm. Results of 
the tests are summarized In Table 5-3. 

Table 5-3 Burnout Test Results 



* Negative sign Indicates reflux tilt 

Results In Table 5-3 Indicate that the wick was not primed. During one 
test the pipe carried 70 watts at a 2 cm reflux, but this could not be 
repeated during subsequent attempts. The test results were reviewed with 
the Technical Monitor at which time It was agreed that the flexural tests 
should be suspended and the heat pipe opened and inspected. 

Visual Examination 

The end caps were machined off and the ends were Inspected •> no 
corrosion was evident. The wick was static pressure tested before It was 
removed by replacing the wick closeout plug and Inserting Che gas pressuriz- 
ation tube. The pipe was submersed In methanol and the wick was pressurized 
with nitrogen. The wick held ” 5-3 cm of water pressure without leaking 
(at higher pressures the pressurization tube leaked due to the difficulty 
of Installing It In situ). The wick was then removed and the teat was 
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of 12 cm. The static height Is a measure of the pumping ability of the wick 
and affects both the slope and the zero tilt Intercept of the performance 
curve. If a line drawn through these data points were shifted to a 12 cm 
static height, Che zero tilt Intercept would be * 300 W, or about 64 percent 
of theoretical. The slope of the curve Is approximately 90 percent of that 
of the predicted curve. Indicating that the wick permeability is nearly as 
predicted. 

Other tests were performed tc determine the sensitivity of performance 
to fluid change. Figure 5-18 shows the maximum horizontal heat transport 
as a function of the fluid change. Based on these data, the optimum charge 
appears to be between 24 and 25 g (this would correspond to a methane charge 
of 16.1 to 16.8 g). 

Based on the above results. It was decided to retest the pipe with an 
Increased methane charge. The pipe was charged with 18 g of methane and was 
Installed in the chamber in the straight configuration. Tests were run at 
140K and at several elevations to determine the burnout capacity. At 2 cm 
reflux, the pipe carried 90 U and burned out at 100 W. However, at positive 
elevations of 1 cm and 2 cm, it burned out at 20 W and 15 W respectively. 

The thermal conductance of the pipe was also appreciably lover at positive 
elevation compared to the reflux test. A plot of the calculated thermal 
conductance as a function of tilt Is shown In Figure 5-19. The thermal 
conductance was calculated at a maximum power Input before burnout In each 
case. The condenser was evidently blocked by excess liquid at positive 
elevations. (The 18 g methane charge compares to an ammonia charge of * 27 g 
of ammonia) • 

Although the positive elevation burnout data were below expectations, 
the 100 W burnout at a 2 cm reflux tilt was nevertheless encouraging. If 
the -2 cm burnout point Is extrapolated to a 7 cm static height, then the 
projected burnout at zero elevation would be approximately 80 W. At 0.5 cm 
tilt, the projected burnout limit would be 72 watts which compares very 
favorably with the early test data which In our case showed burnout at 
about 70 U. 

The high power heat pipe was charged with 16.9 g of methane and was 
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AMMONIA CHARGE, g 

Figure 5-18 Kaxloun Heat Transport vs. Ansaonla Charge 



ADVERSE TILT (CM) 

Figure S-19 Thermal Conductance va. Tilt 
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repeated. The vlck held a ntn tm i m of 5.6 co (2,2 In) of water. Thla 
corresponds to a capillary radius of 8.3 x 10 cm which Is equivalent to 
approximately 80 percent of 200 Inch pumping. This Is approximately the same 
level to which the wick was qualified before It was installed in the plpe» 
hence there was no degradation in static capillary pressure. 

Inspection of the wick showed no signs of corrosion - the screen was 
clean and bright except at the very ends of the standoffs where the screen 
had discolored c'ue to high temperature during welding of the end caps. 

EVALUATION 

In both the ammonia tests as well as the methane tests, the achieved 
burnout values were one-third or less of the theoretically predicted values. 
The single exception to this was the 67 watt bumcut point at 140”K and 0.5 cm 
adverse tilt with methane (approximately 70 percent of theoretical). 

Ammonia tests results seem to Indicate that the wick was at least partially 
primed, and that the screw thread grooves may have been limiting. In general, 
the methane test data Indicate that the wick was not primed. This was most 
probably due to the presence of a non-condenslble gas such as nitrogen which 
was a substantial impurity In the' methane supply. Pressure deprlmlng has 
also been considered as a possibility. The open tunnel In the composite wick 
may be causing the problem If pressure deprlmlng Is the answer. 
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6.0 LOW TEMl’ERATURE HEAT PIPE FABRICATION AND TEST 

The lew nemperature heat pipe was fabricated In the same manner as the 
high power Leat pipe, except that the design of the wick standoffs in the 
evaporator was changed based on the test results of the high power pipe. 

Results of the fabrication and test program are summarized in the following 
text. 

HEAT PIPE FABRICATION 

The low temperature heat pipe was fabricated in accordance with the draw*' 
Ing in Figure 6-1. The primary difference between it and the high power- 
heat pipe are (1) the flexible hose diameter is reduced to 0.64 cm (1/4 In) 
to provide greater flexibility; (2) the diameter of the evaporator and 
condenser sections are smaller; (3) the wick uses 54 mesh screen internally 
and 250 mesh externally; and (4) the standoff bridges in the evaporator are 
changed to a four element web design as shown in Figure 6-1. This dsslgn 
was felt to provide better communication and a greater interconnecting flow 
area between the standoffs and the screwthread grooves. The fabrication 
sequence and procedures were identical to those for the high power heat pipe 
(Figure 5-2) . 

Flexible Container 

The flexible container was purchased as an Integral unit with schedule 
80 stainless steel tubes welded to the bellows. The geometry of the flexible 
container is shown in Figure 5-3. One flexible hose assembly was burst tested 

o 

and failed in the bellows at a pressure of 1.14 x 10 Pa (16,500 pel). This is 
over four times the estimated containment pressure at 315^K (2.4 x 10^ Pa « 

3500 psi). However, the yield point of the bellows is 2.76 x 10^ Pa 
(4000 psi), which means that if the pipe were proof tested to 1.5 times the 
working pressure, permanent yield would occur in the bellows. To avoid this, 
a 75 cm3 reservoir was attached to the end of the pipe prior to filling (see 
BAKEOUT AND FILLING) . 

The evaporator and condenser sections were drilled and honed to an 
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internal 41aa>ecer of 0.93 ca (.368 in). The long thin tubes proved to be 
extremely difficult to machine to the tolerances required for threading. In 
the first attempt, eccentricity, axial alignment, and cylindricity were out 
of tolerance (a tolerance of .002 to .004 cm TIR is required since the threads 
are only ' .013 cm deep). The assembly was then sent out to a gun boring 
specialist and was subsequently Internally honed. The pipe was then success* 
fully threaded. In future applications, it Is recommended that high tolerance 
standard tubing be used such that no internal drilling is required. This 
approach was employed on a subsequent program to fabricate a flexible variable 
conductance heat pipe, and the threading operation was very successful. 

Primary Wick Fabrication and Testing 

The primary wick was rolled stainless steel (type 316) screen of two 
different size wire and mesh. The inner layer or tunnel had an l.D. of .16 cm 
and was 250 x 250 mesh x 0.0041 cm diameter wire screen, while t.he middle 
layers were 54 x 54 mesh x .014 cm diameter wire screen. The cover or outer 
layer was of the same screen as the tunnel. The tunnel was fabricated from 
a 1.27 cm wide by 1.02 cm long, 250 mesh screen cut on a 45° bias, wrapped 
tightly on an 0.16 cm diameter mandrel and resistance welded longitudinally 
for the full length. With only one patch repair, the tunnel, static pressure 
tested in the methanol bath, achieved a level of 7.4 cm 4 H with no leaks. 

The minimum required 4 H was 6.55 cm (90% of 200 mesh pumping). After a 
4.2 cm wide by 102 cm long section of 54 mesh screen was tack welded to the 
overlap of the tunnel, and unit was retested in the methanol bath. A leak 
in the seam of the tunnel at 6.7 c* . H was left as is and the 54 mesh screen 
was tightly rolled on the tunnel to a final O.D. of .44 cm, and then cut to 
89.5 cm. 

Attempts at wrapping the 54 mesh middle layers with the outer 250 mesh 
screen and resistance welding longitudinally proved to be unsuccessful. It 
appears that the thin 250 mesh screen is coo sensitive to minor pressure 
variations to provide consistently acceptable welds. The difference in 
stiffness between the 30 mesh and the 34 mesh is enough to adversely affect 
the welding conditions. To overcome this problem, the outer wrap was made 
separately by welding a tubular sleeve cf 250 mesh screen, cut on a 45* bias. 
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on a special chem milled copper mandrel. The mandrel was a .465 cm diameter 
rod chem milled to .439 cm diameter except for approximately 1.27 cm (1/2 in) 
on one end. After testing the welded sleeve in the methanol bath (no "leaks" 
at 7.4 cm 4 H), the sleeve was slid bach on the mandrel and then slid over 
the larger mandrel 3nd on to the existing wick assenhly. To insure tight 
contact between the outer and middle layers, the O.D. was spirally hand wound 
with 0.0058 cm diameter 316 stainless steel wire at about a .16 cm pitch. 

With the wire tied off at both ends, the wick was subjected to a static 
pressure test. Since the first leak did not occur until a level o'* 7.1 cm 
A H was reached, the wick was considered acceptable. 

To close off the ends of the primary wick, two subassemblies were made 
as follows: 

(a) A tubular section of 250 mesh was welded longitudinally 
on a .439 cm diameter mandrel. 

(b) After being cut into 2.54 cm (1 inch) lengths, a ciose-off 
cap - one with a hole and one without a hole (Figure 6-1) 
was inserted into the end of each piece and resistance 
welded circumferentially . 

(c) Both subassemblies v"- *e test, ^n the methanol bath 
with results no lower than 8.6 cm A K. 

(d) The subassemblies were cut to 1.27 cm (1/2) inch long, 
slipped over the ends of the wick and wrapped in 
place with the 0.0058 cm diameter stainless steel wire. 

Figure 6-2 shows an as-fabricated subassembly and a 
subassembly on the primary wick. 

(e) The completed unit was weighed and foimd to be 23.98 grams. 

Again tested in the methanol bath, the first "leak" 
appeared at 6.9 cm A H. ■ 

A flow permeability test was performed both with and without the inside 

mandrel • Teat results are shown in Figure 6-3. The data indicate a 

—4 A 

permeability of 3.8 x 10 m with the mandrel in (no tunnel), and 
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b) End After Installation 


Figure 6-2 Wick Closeout End for Low Temperature Heat Pipe 
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Figure 6-3 Flow Permeability Test Data Low 
Temperature Heat Pipe Wick 
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2.48 X In^ with the mandrel out (tunnel primed), the pexneabillty of 

the wick with the mandrel In was approximately three times theoretical, as 
the case vita the high power vlck. It was concluded that this also was 
due to the gaps between the layers. 

Wick Standoffs (Bridges) 

To complete the heat pipe wlcklng system, the standoff wicks and rods 
for the evaporator and condenser sections were fabricated. For the condenser 
section, four sections of 250 mesh 316 stainless steel screen were wrapped 
around a .24 cm diameter mandrel, welded longitudinally, and then cut to 
14.7 cm long. Four 316 stainless steel rods, of the same length, were chem 
milled to a diameter of 0.19 cm. 

The evaporator stand-^ff wick was fabricated from four 23.6 cm long 
sections of 250 mesh screen formed Into "U" sections, welded together 
longitudinally along 3 seams, wrapped on the primary wick and then welded 
along the fourth seam. Figure 6-4 shows the configuration of the evaporator 

standoff. 

The four separate wick standoff bridges were used In the condenser 
section rather than the web type In the evaporator. This was required to 
permit Installation of the wick Into the flexible hose assembly without 
damage to the wick standoffs. (The diameter In the flexible section Is 
only 0.64 cm compared to .93 urn in the evaporator and condenser, hence the 
webs could not be pulled through the heat pipe) . 

Fill Tube and End Cap 

The fill tube and end cap were machined from 316 stainless steel rod 
stock in accordance with Figure 6-1. The ends of the evaporator and 
condenser were counter bored .064 cm deep by 1.02 cm diameter. 

Final Assembly 

Subsequent to LOX cleaning per Rockwell Specification No. MAOlIO-018, 
all the components as shown In Figure 6-5 were assembled to complete the 
heat pipe fabrication. After the primary wick assembly was Installed and 
located with the condenser stand-off wlcl;s and rods, the end cap was CTA 
welded to the evaporator end and the fill tube was CTA welded to the 
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evaporator end and the fill cube was GTA welded to the condenser end - both 
with 316 stainless steel filler alloy. The asseirbly was proof pressure tested 
at 2.76 X 10^ Pa (4000 pstg) and helium leak tested at 2.07 x 10^ Pa (3000 
pslg). This was followed by a recleanlng to the HAOllO-018 specification. 

BAKEOUT AND FILLING 

The heat pipe was baked out and filled in the same manner as the high 
power pipe. Based on the final fill calculations, it was determined that 
the pressure at 31S*K could exceed the design value of 2.07 x 10^ Pa (3000 psl). 
Since the pipe was only proof tested to 2.76 x 10^ Fa, it was decided to add 
a 75 cm^ reservoir onto the condenser end of the pipe. This reduced the 
expected pressure by about 30 percent and was acceptable. The reservoir was 
LOX cleaned before Installation, The final assembly Is shown in Figure 6-6. 

Bakeout 

The heat pipe assembly was installed In the bakeout fixture and hocked 
up to the high vacuum system. The pipe temperature was maintained at T.SOF 
(121 C) for 18 hours and the vacuum was maintained below 10~^ micron after 
the initial decay. 

Filling 

The theoretical 100 percent fill charge for the oxygen based on on 80°K 
minimum operating temperature Is 16.1 g Including the vapor space in the 
pressure reservoir. The pipe was initially charged with 21.6 g of oxygen 
to provide excess for venting. The vent line was Installed through the 
vacuum chamber with a 1/8 In ss line to allow the heat pipe to be vented 
during operation in the vacuum chamber. 

TEST PROGRAM 

Heater and thermocouple locations for the low temperature heat pipe are 
shown In Figure 6-7. The pipe was installed in the test fixture shown In 
Figure 6-8, leveled, and installed In the vacuum chamber. 

Tests were conducted with oxygen Inventories ranging from 17-20 g to 
provide sufficient ciiarge for priming of the tuxuel. The nominal operating 
temperature was 90 + 5*K. The heat pipe system was wrapped with multi-layer 
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insulation and tested In an ambient temperature vacuum chamber. A liquid 
nitrogen bath was attached to the condenser to provide cooling. 

The first tests were conducted with a 17. 6g charge and with the heat 
pipe in a straight configuration. Results showed that the heat pipe was 
burning out at 6 H to 8 W horizontally. Although the burnout values were 
higher than the 4.5 U specification, there was some concern since the 
theoretical transport capability was over 20 watts. The pipe was recharged 
with 21.5 g of oxygen, was refluxed for 4 hours, and then vented to a final 
charge of 17.9 g. Burnout values were unchanged and indicated that the wick 
was only partially primed. 

The test fixture was modified to allow venting of the heat pipe through 
the vacuum chamber wall during testing. The pipe was charged with 20 g 
oxygen and installed In the chamber and test fixture. The pipe was this time 
installed in an 80 degree bend configuration to provide comparative test data 
with the straight configuration (a 90* bend would not fit in the chamber). 

Results obtained during cooldown from rom temperature conditions with 
the heat pipe horizontal shown in Figure 6-9 (the fluid Inventory was still 
20 grams which represented approximately a 20Z excess without tunnel 
priming). The .results in Figure 6-9 show the condenser having been cooled to 
below the critical point of oxygen (155*K) in less than 20 minutes after 
liquid nitrogen cooling was started. Approximately two (2) hours are 
required for the liquid to advance through the flexible section. Cooldown 
proceeds much slower through the evaporator because Its relatively high 
thermal mass is directly coupled via the wick bridges to the main wick. There 
are no bridges in the flexible bellows portion and hence the liquid advances 
laore rapidly through this section since the heat load is smaller being due 
only to radiation between the bellows and the liquid. Also, as the liquid 
front progresses toward the evaporator the rate of cooling decreases due to 
the Increasing transport length. The evaporator becomes Isothermal after 
about three (3) hours after the liquid has advanced through the flexible 
section. The slight gradient (<2*C) in the condenser end is probably due to 
excess fluid since transport tests Indicated that the tunnel never primed. 

The maximum transport capability that was measured for the pipe is shown 
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In Figure 6-10 versus heat pipe elevation. Also shown Is the theoretical 
performance for an open artery and for a closed artery without a primed tunnel. 
Nominal operating condltlors are 90^K. It should be noted that "0-g” 
equivalent performance corresponds to operation at an elevation which la 
equal to half the diameter of the main vlck (in this case, 0.5 D ■ 0.23 cm). 

V 

At a horizontal elevation the wick must pump against gravity across Its 
diameter and the transport capability will be less than what would be obtained 
In "0-g". 

The extrapolated "0-g" transport for the straight configuration Is 7.8 
watts which Is 42Z better than predicted for the open artery but only 30X of 
the closed artery's capability. The transport with the 80* bend appears to 
be slightly below that of the straight configuration. 

The static height for a concentric wick Is given by 


- h + t. 
o b 


where 

h * Heat pipe elevation where the heat load Is zero 
o 

t. “ Thickness of the wick bridge between the tube 
wall and the main wick 

An examination of the data shows that the static height extrapolated from 
the measured data is twice that which can be obtained with the coarse ruesh 
screen, but only 44^ of the theoretical for the 250 mesh outer layer. Since 
the static height Is equal to the maximum capillary pumping head, these 
results would Indicate that composite pumping which is twice chat of the open 
artery and about half the theoretical maximum has been achieved. This In turn 
Implies that the "0-g" extrapolation should also be a factor of two better than 
that of the open artery. The fr.ct that the equivalent "0-g" performance is 
only 42X better means that Che flow losses are greater than predicted. The 
higher losses could be attributed to lover liquid flow conductance (KA), higher 
vapor losses which axe perhaps due to perturbations In the flexible section, 
cr Inadequate flow within the circumferential screw thread grooves. Perfor- 
mance at higher evaporator heat fluxes Is essentallly the same which would 
eliminate the grooves as a performance limit. The Increased performance 
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(14.5 W) obtained at a 1.27 ca positive orientation and at an operating 
temperature of 113‘K would Indicate that vapor losses may be causing the 
reduction. However, the same oerformance was also obtained at 90®K with the 
80* bend. In addition, 19 W transport was also measured at this elevation 
at 90*K with the straight pipe which would Indicate that the degree of 
arterial priming could be a variable. Hence '*t would seem chat the reduced 
performance can be attributed to Incomplete priming of the arterial wick and 
to a reduction of the liquid flow conductance over what was measured for the 
wick when It was tested before Insertion into the pipe. 

The lower~than-theoretlcal burnout data may be due to pressure deprlmlng 
of the composite, or to a non-condenslble gas bubble in the wick which limits 
the realizable capli'*a'.*y head to less than 200 or 250 F*esh pumping. In 
hopes of determining which of these two it might be, two additional tests 
were performed. First, the pipe was tested with methanol which has a law 
vapor pressure, and then with a special ultra-high purity grade of oxygen to 
minimize any trace contaminants of non-condensible gases. No Improveiaent was 
observed In either test, but the gas bubble hypothesis does appear to be the 
most reasonable explanation. The high solubility of cryogenic fluids to other 
non-condensible gases (e.g. , me thane /nitrogen) makes purification and out- 
gassing very difficult. 
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7.0 FLEXURAL CYCLE TESTS 

One of the original contract objectives was to subject both the high 
power and low temperature heat pipes to a series of flexural cycle tests to 
determine the bending force required and the effect of repeated cycling on 
their performance as heat pipes. However, when It became clear that additional 
investigative thermal tests would be required, it was decided to eliminate 
the flexural cycle tests on the high power and low temperature heat pipes 
to provide additional time for parametric testing as well as testing with 
other fluids. A limited amount of flexural testing was completed on a high 
power heat pipe burst specimen (the burst specimen was identical to the high 
power heat pipe except that It had no wick Inside - all ocher details were 
the same). Results of that testing are summarized below. 

TEST SET-UP 

A flex cycle test fixture was designed which would allow the heat pipe 
to be flexed through a 180 degree arc at a controlled bend radius at ambient 
and at cryogenic temperature. A schematic of the test setup Is shown In 
Figure 7-1. The pipe Is supported in the flexible bellows section by clamp 
on pivot blocks. One pivot bjock Is attached Co an overhead swing arm which 
is used to move Che heat pipe through a prescribed bend pattern. The other 
pivot block Is attached to a stationary support structure. The swing arm is 
moved by a hydraulic cyc1 Inder (Figure 7-1) . A load cell Is placed in line 
with the hydraulic cylinder to measure the bending force. \ linear motion 
transducer is also used to accurately measure the deplacement. The heat 
pipe and pivot structure are lowered Into an'^sulated tank which Is filled 
with LN^ during cryogenic tests. 

During initial checkout of the system. It became apparent that the 
flexible bellows would not bend at a constant radius because of the greater 
stiffness where the braid attaches to the evaporator or condenser end. This 
results in the pipe tending to bend to tighter radius In some areas and a 
more gentle radius in others. The manufacturer's specification specifies a 
minimum bend radius of 15.2 cm (6 in) below which permanent (plastic) yield 
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could occur In the bellous. To prevent this, a contour plate was made up 
as shown in Figure 7-2. The contour place forced the heat pipe to follow 
a constant bend radius of 15.2 ctt.. The heat pipe was attached to the contour 
plate at the top by a hold down wire as Indicated In Figure 7-2, As It turned 
out* this Increased the required bending force substantially because of the 
stiffness In the bellows near Che evaporator and condenser ends. 

TARE TESTS 

A series of tare tests were run to determine the added load due to 
friction In the test fixture as well as gravity forces on the heat pipe and 
test fixture. First, the system was set In motion without the heat pipe 
Installed, the measured tare load was 18.5 Nt. This value was used for all 
subeequent calculations . 

Next, two tests were run at ambient temperature with the heat pipe 
specimen Installed. In the first test, the pipe was bent such that the two 
ends pointed upward V7hen the pipe was bent Co 180* (upright). Then, the 
test was repeated with the two ends pointing downward where the pipe was - 
bent to 180* (inverted). The difference between these two gives an Indication 
of the effect of the weight of the heat pipe on the bend force measurement. 

As It turned out, the difference was negligible (69.6 Nt vs. 68.7 Nt). 
Subsequent tests were fun In the upright configuration. 

FLEX TESTS 

A flex test measurement was made at ambient temperature. The tank was 
then filled with LN 2 and the system was allowed to stabilize in temperature. 
The pipe was then run for ~ 1000 cycles at approximately 10 cycles per 
minute. Strip chart measurements were made at cycle numbers 1, 150, 290, 

515, 745 , and 995. Figure 7-3 shows the bend/load profile at cycles# 1, 515 
and 995. An ambient test was also run after the cryogenic tests. A 
summary of the peak loads for these tests Is shown in Table 7-1. 

EVALUATION 

The bending loads were considerably higher than the initial design 
objective C 13 Nt) for two reasons. First, a double braided rather than 
an unbralded or a single braided bellows had to be used to provide a burst 
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Table 7-1 Results of Cryogenic Heat Pipe Cyclic Testing 


Cycle 

Test Temp. 

Peak Force (Nt) 

Pre-LNj test 

room 

69.6 

1 

LNj 

83.6 

150 

LN^ 

89.8 

290 

U>2 

95.9 

515 

LNj 

99.0 

745 

LNj 

105.2 

995 


108.3 

Post-LN^ test 

room 

108.3 


safety factor of 4.0. The double braid significantly Increases the overall 
stiffness of the assembly. Second, the pipe had to be controlled to a 
constant bend radius to prevent possible damage to the bellows. In an 
application, this could easily be precluded by making the bellows a little 
longer such that Che minimum bend radius would always be greater than the 
specified minimum. 

Another notable conclusion from the tests Is that the peak load continual 
Increased during the ICOO cycle test from an Initial value of 69.6 Nt at room 
temperature to a final value of 108.3 Nt In the post LN 2 test run (cycle 
No. 1001). This Is most likely due to work haidening of stainless steel 
bellows or the braid. It could also be caused In part by movement of the 
braid wires during motion so as to Increase the system stiffness. Figure 
7-4 shows the peak force as a function of the test cycle number. As 
indicated In Figure 7-4, the slope Is tapering aft but Che peak force was 
still Increasing even at 1000 cycles. Further testing is recommended Co 
determine the long term effect of c)’cllog on bending force. 
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8.0 CONCLUSIONS AHC RECOMMENDATIONS 

general 

The concept of a flexible cryogenic heat pipe has been demonatrated 
successfully, although the ultimate performance capability of the spiral 
fflUltiwrap composite wlcking system was never realized in either the high 
power (methane) or the lov temperature (oxygen) heat pipe. The vlcks were | 
very flexible but the flexibility of the container was severely restricted 
by the double braided stainless steel bellows which was required for pressure 
safety. Notwithstanding the difficulties which were encountered, the pipes 
successfully demonstrated the concept of flexible cryogenic beat pipes over > 
a range of temoerature, and the demonatrated performance levels are 
sufficient for many potential space applications. Additional research In 
the area of composite and artery wicks with cryogenic (as well as ambient) 
temperature fluids is strongly recommended since It affects not only 
flexible heat pipes, but also rigid heat pipes and especially gas controlled 
heat pipes. 

FLEXIBILITT ^ 

The bias-wrapped spiral screen wick design provided excellent flexibility. 

The wick can be bent to a very small bend radius (1 or 2 cm) and flexed ’ 

repeatedly without damage. The flexibility of the system was limited by the 
flexible bellows container. Because of the high contaminant pressure 
associated with cryogenic fluids, and the requirement for a pressure safety 
factor of at least a.O, the bellows had to be double braided which signific- 
antly Increased the bending stress. The flexural cycling test program was 
not performed, howevrer, because It was felt that the thermal test program 
was more demanding. 

The high temperature heat pipe *«sed nominal 3/8 In (.95 cm) flexible 
hose and had a bend radius of 15.2 cm compared to a specification 

of 20 cm. The bending force was measured on a burst test facalnlle 
of the high power heat pipe. The bending force at a 180 degree bend angle 
was initially “ 70 Mt and increased to 108 Rt after 1000 cycles. Although 
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the low temperature pipe was not tested for flexibility. It was considerably 
nore flexible than the high power pipe, and may have met the 13.3 Nt bending 
force requirement. Ko degradation in performance was observed during tests 
in which the heat pipe was bent 80 degrees (a 90 degree bend could not be 
accomsodated due to limitation of the vacuum chaaft>er ). 

PERFORMANCE 

Compared to the original specifications, the thermal perforrance results 
were mixed. The low temperature heat pipe exceeded the specification by 
more than 30 percent (>6 w versus 4.5 w). The high power heat pipe exceeded 
the 40 tf transport requirement In only one test (67 W at 140*K and O.S cm 
adverse tilt). In other teste, the pipe carried approximately 35 U at the 
upper end of the 110 to 140*K temperature range, and only 15 W at the low 
end. 

In terns of the theoretical performance, the results were more disappoint- 
ing. The theoretical heat transport of the high power heat pipe was over 
100 V at 130*R, and that of the low temperature pipe was over 24 W at 90*K. 

It should be noted that these values are based on the measured permeability 
of the wick which was approximately three times theoretical. In both cases, 
the wick appeared to be only partlnlly primed, and the 200 mesh capillary 
punplng vaa not achieved. 

The moat probable explanation for the reduced capillary performance la 
that a non-condenslble gas bubble waa present In the wick. When the wick 
la stressed, the bubble grows in sire and length as the surrounding liquid 
pressure drops, until It eventually blocks the entire evaporator. This 
conclusion Is based on the following rationale: 

(1) The slope of the burnout versus tilt data was in accordance 
with the theory and the measured permeability, hence the 
transport conductance was not the cause. 

(2) The wick In the high power heat pipe waa removed after 

the methane and aaaonla tests, and there was no degradation 
In bubble pressure. 
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(3) Maaa apectrometry teaca on the methane indicated relatively 
high concentration levela of methane and other non*<ondenaible 
trace contaainants (40 ppm of nitrogen in the heat pipe after 
outgaaaing). The impurltea were due to trace contaaloanta 

in the supply bottle and not due to corrosion aa evidenced 
by the fact that the impurity levela in the heat pipe vere 
generally lower than in the supply bottle, and hydrogen 
levels were Insignificant . 

(4) Teat data with both the high power and the low temperature 
heat pipe Indicate that the wick was pumping at levela 
which exceeded the open composite pumping capability, so 
the wick must have bean primed at least to some degree. 

The problem of composite and artery wicks in the presence of nor- 
condenalble gas is not new. With cryogenic fluids, the problem is even 
mote acute because of the high solubility of non**condeBsible gases. In 
addition, the solubility decreases with increasing tesqterature for most gases, 
the dissolved gas in the condenser section would tend to come out of 
solution at the slightly warmer evaporator. 

BECOKHENOATIONS 

It la strongly recommended that further research and testing be 
conducted to determine the mechanisms of permature burnout In composite 
wicks with cryogenic fluids, and to develop systems or processing procedures 
to overcome this problem in fixed conductance heat pipes. Methods of 
reducing the room temperature contamlnent pressure should also be investigated. 
These may include solid or liquid absorbent materials, or techniques such 
as on-orbit charging from a pressure bottle. ^>plicatlona for flexible heat 
pipe technology are many, and further research should be continued. 
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HICKPER PROGRAM UTLIZATIQN MANUAL 


1.0 INTRODUCTION 

This Is a utilization manual for the digital computer code WtCKPER. 
The MICKPER program predicts the performance characteristics of the multi- 
wrap and spiral-artery wick configurations. Input variables allow the 
user to select various working fluids, operating temperature ranges, wick 
component characteristics and heat pipe geometries. The code determines 
the wick cross-sectional area and the corresponding fluid Inventory which 
provide the maximum transport capability for a specified configuration and 
set of operating conditions. Performance characteristics for this design 
are then generated over a specified teiqperature range. Three possible 
operating modes, the open artery, and a closed artery with and without a 
primed tunnel, are evaluated for both "0-g" and "1-g" environments. 

2.0 ANALYSIS 

2.1 Wick System Configuration 

Cross sections of the multi -wrap composite and spiral -artery' 
wicks are Illustrated In Figures 1 and 2, respectively. Both wick systems 
have four common elements: 

(1) Main wick - This wick runs the lengtn of the heat pipe and 
provides the flow path and pumping head for condensate re- 
turn from condenser to evaporator. Two types of wicks are 
considered. 

(a) Multi-wrap - This consists of alternating layers of 
coarse and fine mesh screen. A homogeneous core con- 
sisting of continuous wraps of coarse mesh screen can 
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also be handled by setting the fine mesh wire 
diameter equal to zero. This core Is completely 

I 

enclosed by a fine mesh screen which develops the 
composite pumping. 

(b) Spiral artery - In this configuration spacer wires 
are placed between successive wraps of fine nesh 
screen. The periphery is again enclosed with fine 
mesh screen to establish the composite effect. 

(2) Tunnel - This Is centrally located In the main wick. In the 
primed mode, the tunnel significantly increases the liquid 
flow conductance (KA), therein Increasing the transport cap- 
ability of the syst&n. The tunnel Is assumed to be primed 
via the Clapyeron mechanism. 

(3) Interconnecting bridges - The bridges, each formed by cir- 
cular wraps of fine mesh screen, link the main wick to the 
secondary wick In the evaporator and condenser zones. 

(4) Secondary Wick - These are screw thread grooves which provide 
circumferential distribution of the working fluid In the evap- 
orator and condenser sections. 

2.2 Hick Properties 

Each component of the wick system has a characteristic permeability 
and effective pore radius. The UICKPER code has the capability of either 
calculating these theoretical wick properties or using specified values. 

The theoretical permeability of the wire mesh screen is defined by 
the Kozeny Equation. 
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(1 - c)* 


d* 


(1) 


The smallest effective pumping radius characteristic of a 

particular mesh size Is 

** — ^ 

P 2M 

The permeability for the concentric annuli In the spiral artery 
wide Is defined by 
D* 

K “ ll— 

48 

The tunnel permeability is determined by 


K = ^ 


32 

Equation 4 also defines the permeability for triangular grooves 

(I.e. the circumferential grooves). The hydraulic diameter In 

each case Is defined as 

0, o -lA 
h W 


( 2 ) 


(3) 


(4) 


(5) 


The area (A) and wetted perirater (HP) of the wide elements are 
further defined In Table 1. 

2.3 Heat Transport Capability of Wick Elements 

A thermal Impedance schematic of the heat pipe's wick system Is shown 
In Figure 3. The heat transport capability of the heat pipe Is defined by 
a system of equations which specifies the hydrodynamic flow through the In* 
dividual wick elements and also through the vapor core. 
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TABLE 1. 6E0HETRIC EQUATIONS USED IN DETERMINATION OF WICK 
ELEMENT PERMEABILITIES. 


Wick Eletnent 
Spiral Artery 


Tunnel 


Secondary Wick 


Georotrlc Equations 
A„ . »D^(Oj-0 «„(4D^«0^)) - 

A ■ nO* /4 
WP « irO^ 

A ■ ^ r* 

i 

WP « 2(cot o)r 
♦ ■ cot o- ^ ♦ o 

I 2 

• 2 coto 


•— WN/WS^ 


• wvw- -^ wvw — e -AA/wv*" 


Pi 


P2 


evaporator 

grooves 


bridge 


Biain 

wick 


bridge 


P4 


condenser 

grooves 


Fig. 3 Scheoatlc of heat pipe wick 1iq)edance system. 
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2.3.1 Kain Hick 

The closed fom solution for the steadv-state hydro- 
dynamic heat transport capability of the main wick Is: 


2(KA) F (1 ♦ n) cos e 
w 

eff Pg 


n - 


) 


( 6 ) 


The parameter n Is defined as the ratio of the sun of all 
pressure differences due to body forces to the available 
capillary pressure. 

rp (h ♦ hj 


(?) 


ZH cos e 

where H, the wicking height factor , is a property of the 
working fluid and Is defined as 
H • — SL-. 

The contact angle of the fluid (0) Is assumed to be zero for 
this analysis. The height of the main wick In a horizontal 
po$1i^«n is defined by h^ and the elevation of the heat pipe 
by h. The friction parameter F represents the ratio of the flow 
pressure drop of the liquid to the sun of the flow losses for the 
liquid and vapor. 

F • 


( 8 ) 




(9) 


(XA) 


4 ^ ■ ** 4 I 


The penneablllty of the vapor area In the annulus between the wick 
and heat pipe wall Is defined by Cq. 3. The wick tunnel has a vapor 
core In the unprimed mode whose permeability Is <tef1ned by Eq. 4. 


on 






;>y y ji " ita fc3siL7sp«r^arv!pg^ 


9 


Hoctcwoti mtsfnotiondi 

SipaMOMrian 


The factor ^ depends on whether the vapor flow Is laminar or 
turbulent. 


4 

• 1. R« < 2200 

(10) 


®v "* 


4 

■ 0.0031 (R„ )*-^* R^ > 2200 

(11) 


with 




V 


a 


4 Q 

ffAyv(Dj ♦ Oji 


(12) < 


This analysis assumes that the diameter of the adiabatic region 
(D^) Is equal to the Inner diameter of the bellows. The Liquid 
Transport Factor Is defined as: 

P fOX 

^ Vi 

The parameter •■eff Is the effective transport length. Single 
evaporator and condenser sections with uniform heat addit.on/ 
removal are assumed and* therefore* 


(13) 



O.SCL^ ♦ Lc ) ♦ L, 


(14) 


2.3.2 Bridges 

Closed form solutions similar to Equation 6 exist for 
Uie Interconnecting bridges. In the evaporator* 


Q 






(15) 
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and In the condenser 
(KA) 

Q - 2Nb-T-^ 


06 ) 


>3 


P4 


These equations neglect the small elevation head associated 

with pumping across the bridge. The parameter L Is the distance 

0 

across the bridge and the number of bridges. The meniscus re- 
cession In the grooves In the condenser riectlon Is small and there- 
fore they approach conpletely filled condition (I.e. r»> ■ •). 

5 

Consequently* the hydrodynamic losses In the condenser grooves are 
small and have negligible effect on system performance. These 
small losses result In a pimping radius at the groove-bridge Inter- 
face {r ) that Is large In comparison to the pumping radius at the 

bridge-wick Interface (r„ ). Consequent ly,(l/r. lean be neglected 

P3 P4 

when determining the heat transport capability of the wick system. 
2.3.3 Secondary Wick 

The heat transport capability of the circumferential grooves Is 
defined as 


* 1*1 N (f* - r* 

)92 It 




1 




(A-17) 


where the parameter 1$ the number of grooves per unit length* 

L. Is the length of the heat pipe wall In contact with this bridge 
In the evaporator and q^and are dimensionless factors determined 
by groove geometrv. 
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The parameter R Is the Inner radius of the heat pipe and ^ 
is the distribution angle or half the angle between a bridge 
pair. A uniform distribution of bridges is assumed and hydro- 
static losses associated with punping the liquid around the 
grooves are neglected. It is further assu!^d that the grooves 
are sharp and therefore the pumping radius of the evaporator 

grooves at the naximuo distance from the bridges (r ) approaches 

**o 

zero at maximum stress. 

2.4 Heat Transport Capability of the Heat Pipe 

The heat transport capability of the heat pipe is defined by the simul- 
taneous solution of the system of individual transport equations. As illustrat- 
ed in the wick system sche>natic in Fig. 3, the pt^ing radii of the various 
wick elements are equal at common interfaces. Additionally* these radii adjust 
to provide uniform heat transport across each element within the system. 

The maximum transport capability of a heat pipe will be limited generally 
by either the main wick or the grooves. If the maximum heat transport of the 
wick system requires a pumping radius at the groove-bridge Interface (rp^) tdiich 
is greater than the pore radius of the fine mesh screen used for the bridges and 
the main wick envelope, the grooves are limiting. If the grooves are capable 
of providing the maximum heat pipe transport with a value which is less 

than the fine mesh pore radius* the main wick Is limiting. 

The system of individual transport equations is highly non-linear in a 
■1-g" envirorsnent. The UICKPER code uses an incremental type c*ocedure to con- 
verge on the system solution. For the "o-g" environment, the transport equation 
for the main wick (Eq. 6) is simplified and explicit solutions for the effect- 
ive pumping radii and corresponding heat transport are used. 


a.A. 



2.5 Fluid Inventory 

Ibe m&ss of the workfn9 flufd required for beat pipe elation It 
deteitrined.for the optloua wick design. The mass of fluid required to 
satisfy each Individual wick element Is calculated and then suoaed to 
detenalne the total Inventory. For the main wick and Interconnecting 
bridgest the liquid masses are defined by 

Of ■ l^(ALe} ( 


For the main wick tunnel In the primed mode 

% * 

The mass of liquid required for the circumferential grooves Is 

»* • a, ♦ i^) 


The mass of vapor contained In the annulus between the main wick 
and the heat pipe envelope Is 


0 „ • ».((«■) ♦ («.)»(«.),) 

V V e a k* 


The mass of vapor present In the wick twmel In the unpHoed 


mode Is 


P,(AU, 


The sum of the liquid and vapor mass charges for the Individual 
elesents yields the total fluid requirement. 
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For the unprloed tunnel code: 


o« ■ 0) t ^ ^ ^ o 

' w *b ^ 

and for the prined tunnel node * 

“f ' V* 


♦ o 

^'t 


♦ a 


(24) 


(25) 


3.0 PROGRAM DESCRIFTlOa 

3.1 General 

The UICKPCR prograa and the suppleoental subroutines were written 
In FORTRAN EXTENDED and designed to operate on the COC 6600 systea. 

The prograa listing and flow charts are contained In Appendix A. All 
of the constants and variables utilized within the prograa are Identif- 
ied at the beginning of the prograa listing. The prograa deck consists 
of job control cards, a prograa source deck. Input data cards and pro- 
graa terolnatlon cards. The heat pipe geooetr1es,w1ck properties* 
fluid properties and prograa options are defined by the Input data. 

UICKPER is structured In two stages. The prograa Initially deter- 
alnes the wick cross-sectional area idilch provides optloua perfomance 
for the closed artery/unprlned tunnel operating code In a *l-g” environ- 
oent. The perfomance characteristics of this wick configuration are 
then generated either for a "o-g" or "l-g" envlrofoent In three oper- 
ating codes: 

(1) Open Artery - The sain w1ck*s pucplng head Is Halted to the 
oaxlBua head developed by the coarse oesh or spiral annulus. 

(2) Closed ArterjfUnprleed Tunnel - The (saln w1ck*s capability 

Is Halted by tte aaxIauD punping head developed by tlw fine 
■esh screen envelope. ^ 

-A-10- 
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(3) Closed Artery/Prln^i Tunnel - The p<«^)1ng head developed 
by the fine oesh screen Is Halting and the flow conduct* 
ance of the tunnel (KA)^ is added to the liquid's flow con- 
ductance In the nain wick. 

Several subroutines suppleaent WICKPCR. Their naaes and functions 
are listed below: 

• FLUPRT * Inputs and outputs fluid properties. 

• KULWRAP * Calculates wick and vapor core geooetry and flow con- 
ductance for the aultl-wrap wick configuration. 

% SPIRART - Calculates wick and vapor core geoaetry and flow conduct- 
ance for the spiral artery wick configuration. 

O BRIDGE - Calculates and outputs geonetry and flow conductance of 
Interconnecting bridges. 

• KfKWP - Calculates and outputs tha fluid oass charge for the 
QuUI-wrap wick configuration. 

Sasole Inputs and outputs are presented In the following section and 
In Appendix A to Illustrate UICKPER progron operation. 

3.2 Input Description 

A listing of the Input deck Is shown In Table 2. The FC^RAX var- 
iables and constants are Identified at the start of the prograa listing 
In Appendix A. The Input cards allow the user to select heat pipe geom- 
etries, wick element characteristics, fluids, operating temperatures, 
environments or *1-g*) and overall wick configuration (ouUI-wrap 

or spiral artery). 

A saaple Input sequence Is presented In Table 3. The prograw options, 
specified by the Input <m card Ro. 3, are detailed below: 
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TABIC 2 

INPUT DATA CARO LIST 



Input 
Card No. 

Fonsat 

Fortran Raffles 

Description 


1 

4C20.S 

DIE. 01. DOB. OIC 

Heat pipe geooetry 


2 

4C20.S 

XLE» XLA. XIX 

• • 


3 

815 

KCAL. lUICTYP. ITEKP. la 

Prograa Options 


4 

815 

KF. KC. HBR. NGV. NBR. KVBR 

Hick eleesent characteristics 

S 

4E20.5 

or. DFU. OCU. D6RU 

• 

* 

6 

4C20.5 

S. os. SP. ALPHA 

■ 

m 

7 

4E20.5 

TN9. THU 

m 

m 

8 

A10 

MICK 

m 

m 

• 9 

4E2C.5 

RPF. XKB. POR(S 

• 

m 

* 10 

4E20.5 

XMf. P08m» 

• 

m 

♦ 11 

AlO 

auio 

Fluid pro^rtles 


♦ 12 

F1C.3 

TE«P 

■ e 


♦ 13 

7E10.4 

RHOL. RKGV. SIGMA. 
XLAMOA. mu XMUV. K 

■ ■ 


14 

4EI0.4 

RKOL. RKOV. 109 

• ■ 



* Input cards used mily If kCAL i 1 

♦ Card set repeated several tfoes for fluid properties 
at different operating tetnperatures. 



TABLE 3. SAMPLE INPUT 


fWCKwBn InfBfllBIIOl 


« e 
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• ♦ 


ul W 

9 

0 0 

«« 

iw r» 

rt 

4 -V 

Al 

« > 

•* 

a» ^ 

• 

• • 





lit 

it 

it 

tit 

lit 

lit 



9 

0 

0 

0 

0 

0 

0 



• 

• 

1 

1 

1 

1 

• 




ul 

«Al 

ul 

Ul 

III 

Ul 



C 



it 

4 

it 

m 



mm 

M 


mm 

0 

(D 

it 



4 

(D 

4 

0 

4 

mm 

r» 



"1 

m 

n 

m 

(ti 

IM 

mm 



• 

• 

• 

• 

• 

• 

• 

•>•0 

n (VI 

lit 

IT 

III 

lit 

iT 

lit 

it 

0 j 

e 9 

e 

9 

0 

0 

9 

0 

0 

1 # 

• 1 

• 

• 

1 

• 

1 

• 

• 

u u 

mI 

1*1 

Ul 

Ul 

Ul 

Ul 

Ul 

Ul 

X 9 

e 0 

T 


X 

•it 

n 

« 

4 

C 9 

(V 9 

f 

»u 

4 

4 

(V 


4 

•X 0 

0 « 

mm 

r«- 


4 


lit 

9 

X \/l 

min 

4 

m 

4 

4 

lit 

lit 

it 

#i« 

m M 

• 

• 

• 

• 

• 

# 

• 

• • 

• • 


m 

m 

4 

4 

4 

4 



0 

9 

9 

0 

0 

e 

e 



• 

• 

1 

• 

1 

• 

• 



Ul 

lu 


Ul 


u: 

111 



|U 

•V 


9 

9 

4 

4 



mm 

a- 


0 

es 4 

9 




ru 

X 

iV 

X 

K 

4 

4 



«% 

iP« 

mm 

9 


4 

it 



• 

• 

• 

• 

• 

• 

• 

.V e 

4 m 4 

4 

4 

4 

4 

4 

' 4 

4 

a 9 

X 9 9 

« 

c 

e 

0 

e 

0 

c. 

• ♦ 

1 1 1 

» 

# 

# 

« 

♦ 

♦ 

♦ 

«AI UA 

^ «AA lAl 

4 L 

lU 

Ui 

M 

ul 

u* 

ul 

0 9 

0 9 X 

z 


X 


4 

(VI 



M 9 9 

c 


4 

•it 


4 

l» 

•r. <c 


«• 

m 

mm 

» 

r» 

4 

0m 


(B X 4 

•it 

lit 

it 

4 

4 

4 

4 

3 * 

IT m jv 

• 

• 

• 

# 

• 

• 

• 

• • 

• • • 









M 

mm 


«i« 

mm 


<tl 

(VI m 

. 


c 

0 

e 

0 

e 

0 

0 e 



• 

• 

1 

i 

• 

1 

• 4 



Ml 

u* 


Us 


U. 

Ul Ul 



9 

(M 

9 

9 

4 

9 

0 9 


4 

M 

IT 

M 

mm 


« 

IT 0 



4 

4 

4 

(M 

0 

«< 

(VI 0 



• 

• 

• 

• 

• 

CD 

• 

• • 

M 0 e m Ai «• «n 


0 




<u 

(ti e 

e 9 

X 9 9 9 

e 

0 

0 

0 

e 

0 

9 9 

• ♦ 

(V; 1 ♦ 1 

♦ 

♦ 

« 

♦ 

♦ 

• 

• ♦ 

UJ Ul 

N U (U U.' 

u: 

Ul 

Ul 

til 

b* 

til 

UfUl 

9 0 

0 9 lit 

K 

9 “ 

f- 

4 

X 

4 

mt* 

^ 0 c e n e m 

it 

4 

lit 

9 

m 

cu 

e 4 

« <n 

0 ^ «A ^ 

i* 

4 

lit 

(V 


0 

4 4 

A» 0 

(W 4 9 (*) 


K 

mm 

m 

4 


*uK 


(VJ M •>« 

• 

• 

• 

• 

• 

• 

• • 

♦ • 

0 • • 
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(1) KCAL • 1. This specifies that the pore radius and 
peraeabllUy of the fine mesh screen are calculated 
rather than specified. 

(2) IWICTYP *1. The overall wick configuration In this 
anal^-sls Is the multi-wrap composite wick. 

(3) ITEMP > 6. This Is the number of discreet operating 
temperacures at which the optimized wick Is evaluated. 

(4) lEL ■ 0. This Indicates that the heat pipe Is evaluated 
In a *0-g* environment. 

Note that since KCAL *■ 1, the Input cards Identified as Nos. 9 and 
10 In Table 2 are omitted. A total of seven sets of fluid property 
data cards (Nos. 11 » 12« and 13 In Table 2) appear, one for wick 
optimization and six for different operating teo^eratures (HEMP ■ 6). 
The final card specifies the liquid and vapor densities at the temper- 
ature at which the masn charge Is determined. 

3.3 Output Description 

A listing of a typical output, corresponding to the sai^le Input 
data listed In Tab1« 3, follows the program listing In Appendix A. The 
program output Is presented In two stages: data relating to the wick 
optimization and performance data In either *0-g* or *1-g". 

3.3.1 Hick Optimization 

The geometry of the heat pipe, basic wick characteristics, and 
the fluid properties at the optimization te^rature are tabulated 
Initially. This Is followed by main wick and bridge geometry and 
corresponding heat pipe performance characteristics for successive 
concentric wraps of the min wick. The optlnm mrJjer of wraps Is 
the final output of chls stage. 


A. 







Rockwell Internationa 

SOmOMrion 


3.3.2 Performance of 0pt1ml2ed Mick 

The fluid properties at the operating temperature are listed 
first, followed by the heat pipe performance characteristics for 
the three possible operating modes: open artery and closed artery, 
with and without a primed tunnel. This includes heat transport 
capability, flow pressure drop ratio, Reynold's number of the vapor 
flow and the effective pumping radii at the wick element interfaces. 

If the heat pipe is evaluated in an "1-g" environment, the heat pipe 
performance characteristics are output at several heat pipe elevations 
ranging from a horizontal orientation to the static wicking height. 

This entire output is repeated for each operating temperature. 
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NOHENCLATURE 


Symbol 

Description 

Unit 

A 

area 

m* 

C 

circumference 

ro 

D 

diameter 

m 


hydraulic diameter 

m 

d 

wire diameter 

m 

F 

pressure drop ratio 


H 

w1 eking height factor 

m* 


wick height 

m 

h 

elevation of heat pipe 

m 

K 

permeability 

n? 

L 

length 

m 

H 

• 

mesh size 

m"* 

m 

mass 

5 

N 

number of . . . 

. 

N£ 

liquid transport factor 

W/m* 

P 

pressure 

N/m* 

Q 

axial heat flow rate 

W 

R 

heat pipe Inner radius 

m 

r 

groove meniscus radius 

m 

R 

e •• • V 

Reynolds number 


r 

P 

pumping radius 

n 

SP 

distance between spacer wires 

m 
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Svmbol 

Description 

Unit 

V 

velocity 

m/s 

NP 

wetted peremeter 

n 

a 

groove half angle 

rad 

B 

heat pipe orientation with 
respect to gravity 

rad 

c 

porosity 


n 

gravity factor 


e 

contact angle (fluid and wick) 

rad 

X 

heat of vaporization ' 

J/kg 

V 

dynamic viscosity 

N-s/m* 

V 

kinematic viscosity 

o*A 

p 

density 

kg/rf 

0 

surface tension 

N/m 


groove geometry factor 



fluid distribution angle 

rad 

Subscript 



a 

adiabatic 


b 

bridge 


c 

condenser 


e 

evaporator 


eff 

effective 


ft# 

fine wire 


9 

groove 


£ 

liquid 
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Subscript 

n 

s 

t 

V 

w 

w 


NOMENCLATURE (Continued) 


RockweQ brtemattonai 

C^anOMKlan 


Description 
nth trrap of wick 
spacer tdre 
tunnel 
vapor 

I 

wick 

wraps 
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WICKPER FLOWCHARTS 
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PROGRm UiaCPER 


RoGfcM«Qlnt8fn8tional 


START 


INfUT 
HEAT PIPE 
GEOMETRY 


CALCUUTE 
HEAT TRANSPORT 
IN A “1-g" 
ENVIRONMENT 


I OUTPUT 
/ NICK GEOMETRY 
[AND PERFORMANCE 
FOR N WRAPS 


OUTPUT 

BASIC HEAT PIPE 
GEOI4ETRY 


/ CALL 
I BRIDGE 
(SUBROUTINE 


V V’ 


/ INWT i 

^ / CALL / 

/ CALL / 

Tno 

/ HICK COMPONENT / 

/ MUIHHAP / 

/ SPIRART / 

1 REDEFINE 

WICK GEOMETRY 

/ PROPERTIES / 

/SUGROUTIIC / 

/SUBROUTINE j 


HlCiN 
MULTI -WRAP 
OR 

sSPlRAL ARTER) 


SP.AR1 


CALCULATE 
OR DEFINE 
WICK 

PROPERTIES 


' OUTWT 
BASIC HICK 
CHARAaERISTICS 


«P. SP.ART, 

^^TI-KRAP \ 
V OR ^ 
X^PIRAL 

DO * 1 .?0 

SPECIFY CRITERIA 
ANO initialize 


CALL 

aUPRT 

SUBROUTINE 


CALCULATE 
SECONDARY NICK 
CHARACTERISTICS 


AND PERFORMANCE 


«ept"2 


REDEFINE 
OPTIMIZED WICK 
GEOMHRY ANO 
PERFORMANCE 


/^ZERO-6 > 
or 
ONE-6 

^ENVIRONKENi; 


•o-g" 


«.i uirvoro fliMchart - Mkk optimUatlpn section 









> * >cfci»ea t rttem aUun 


SUBROUTINE BKIOGE 


SUBROUTINE FLUPRT 




Fig. A-3. mCKPER subroutine flOMCharts. 
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SUBftOUTIRE HULURAP/SPIRART 


SUBROUTItK »mP/»7SPm 




rfg. A*4. VICKrat subroutfne flowcKarts. 
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APPENDIX B 

PARAMETRIC PERF(«DWiCE FREOICTIOHS 
(Theoretical Hick Properties) 




I 


«n 







FRICTION FARMCrCR (F) HAF.IKIM M£AT TRANSPORT, NAHS 


ftedcwwainta mga onil 



prlBe4 tunnel 
unpriced tunnel 



FIR. B*2.Perforaanca cNArecUrlUlci of Moh ootier fitsible 
Iwtt pipe In * 0 - 9 * (oethene) 


80 77-tf -OOM 


PULING RATIO (>) 





ntlCTIQN PAIWHCTER (f| MWtlHUJI HEAT TRANSPORT. WATTS 



Rocfcw e fl tntamsgonal 


200 


160 




/ 




\ 


\ 





• TCKPERATiaC. *% 

— priced tunnel 
wprfoed tumel 



S 

s 




Pf6 Jt*3. Perfereince cfM’’«ctwr1st1cf of high power 
. - ntxfble heet pipe In "e-q* (■ethane) <m 77-A^^)C88 


ION PARAMETER (F) MAXIMUM HEAT TRANSPORT, WATTS 



150 160 170 180 190 200 210 220 

TEMPERATURE. ‘K 

primed tunnel 

unprimed tunnel 



PUMPING RATIO (y) 
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TD^PERATORE ‘K’ 




TEMPERATURE, *K 

F1g.B-7. Performance characteristics of Iom temperature 
ho*r nfnp In "o-o“ (oxvoen) 


IP RockweaWamattonal 


Spiral artery wick - - 0.635>cm (1/4-in. )bellow$ 



TEMPERATURE » ’R 


— primed tunnel 

■ unprioed turmel 



70 80 90 100 110 


temperature. *k 

Fig. B-8. Performance characteristics of low 

temperature flexible heat pipe in "o-o* (oxyoen) 


FRICTION PARMCTER (F) PMXIMUM HEAT TRANSPORT. UAHS 



Rockwefl In temat ton gl 



taiprised tunnel 



Ftg. B- 9 . PerfonBince characteristics of lev teo^erature flexible 
hoot pipe In *0-9” (nitrogen) 

— -K-i — jC. - fc—il,. RD TT^JP*408S — 


PtftPIKG RATIO (y) 


mxmm heat transport 



RodnveO tntemaOonal 

SpSMOMMOfI 


^ Multl'wrap wick - - 0.9S3>cm (3/8-1n)bel1ous 

<»*'th.or ■ ' '**" " * 

tunnal diueter ■ 0.16C*ca 


TEWPERATITOE 

unprimed tunnel 
priB«d tunnel 



TE9ERATIIRE, *K 

Fig. B-10. Perfomance characteristics of low temperature 





